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Architectural control of ice-templated collagen scaffolds
for cardiac regeneration
Jamie Cyr
A range of biomaterials and fabrication methods have been explored to produce biomimetic
scaffolds to facilitate cardiac tissue regeneration. Ice-templated collagen scaffolds have
demonstrated translational success in other clinical applications. The ice templating tech-
nique utilizes phase separation dynamics during solidification and subsequent sublimation of
ice to produce scaffolds with interconnected porosity. Although composition has been found
to be key to determining cellular response, both nano-scale and micro-scale surface features
of ice templated collagen scaffolds have also been found to encourage cellular ingrowth and
attachment. Previous research has introduced techniques to control pore size and anisotropy.
To date, however, ice-templating has not been shown to allow control of architecture to the
extent that it is possible to replicate the structure of more complex tissue morphologies such
as the myocardium.
In this thesis, the underpinning physics of ice formation is leveraged to determine the final
architecture of ice-templated collagen scaffolds. A controllable directional freezing apparatus
was designed and built to enable fine control of the thermal environment during solidification.
A relationship between the set thermal parameters and final pore architecture was established.
This relationship enabled the production of structures with controlled pore alignment and size.
The direct control and monitoring capabilities of the freezing apparatus enabled observations
of intrinsic freezing kinetics. This insight allowed the solidification processes of anisotropic
and isotropic ice-templating to be compared, and a link between the previously distinct fields
was hypothesized.
A novel thermal control technique was developed that dictated ice growth directions and
achieved complex lamellar orientation of ice-templated collagen scaffolds. A new mould
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design was produced, with a heat-sink at the base and heat sources in the mould walls, which
afforded three-dimensional thermal control during the solidification process. Ultimately,
this created complex lamellar orientation of ice-templated collagen scaffolds. The tech-
nique is presented alongside a finite element model, developed as a predictive tool for the
design of final lamellar orientation. Heat source moulds were used to introduce controlled
thermal gradients during the solidification phase of the ice-templating process. Various
heat source profiles were implemented and simulated. It was found that by introducing
controlled complex thermal gradients during solidification, scaffolds with multidirectional
pore orientations were produced, and the finite element simulation was found to accurately
predict lamellar orientation. Taken together, the model and heat source freezing technique
provide the opportunity for design and production of regenerative collagen scaffolds with
tailored architectural morphologies.
After establishing a control protocol for producing structures with tailored local lamellar
architecture, patches were tested by observing the effects of scaffold architecture on cellular
behaviour and mechanical conformation to the dynamic movements of the heart. Cardiomy-
ocytes (H9 hESCs) were seeded onto scaffolds with aligned and isotropic pore structures and
the cell signalling patterns were then compared. It was determined that the biomimetic accu-
racy of the aligned scaffold improved the uniformity of calcium signalling in cardiomyocytes
when compared with those on isotropic structures. These results indicate that myocardial
function is enhanced by defined scaffold orientation.
The application of an ex vivo ovine cardiac perfusion model enabled direct observation of the
native myocardial movement during the cardiac cycle. Through direct optical imaging and
digital image correlation, collagen scaffolds were tested to assess their response to native
myocardial deformation patterns. The strain dynamics of aligned and isotropic scaffold
architectures were compared, and the efficacy of both glue and suture fixation methods were
explored. It was determined that aligned scaffolds adhered with suture fixation complied
with the native physio-mechanical environment. Similarly adhered isotropic scaffolds and
patches adhered with glue, however, resulted in reduced deformation relative to the native
myocardium.
The work in this thesis has established a novel freeze casting technique to afford specific three
dimensional control of collagen scaffold alignment. The resulting scaffolds with directionally
aligned pore architectures were found to enhance cellular and mechanical dynamics to better
replicate the native behaviour of myocardial tissue.
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A clinical need exists for regenerative scaffolds to facilitate the repair of injured or diseased
tissues and organs. In particular, heart disease is the leading cause of death in both indus-
trialised nations and the developing world, accounting for approximately 31% of deaths
worldwide according to the World Health Organisation [1]. Acute myocardial infarction
results in a weakening of the collagen extracellular matrix (ECM) of the ventricular wall.
Impairment to the myocardial wall is permanent, thus therapeutic options are limited and,
in acute cases, the only treatment for congestive heart failure is a full cardiac transplant.
Limitations in donor organ availability has motivated research into new strategies to repair
the tissue damaged by cardiac infarction.
Three overarching aims have been identified for tissue repair materials, which are to provide:
(i) an environment that enables targeted cellular migration, proliferation and differentiation;
(ii) a high degree of permeability for efficient nutrient/cellular waste transport; and (iii) chem-
ical and mechanical signalling that dictates de novo tissue formation and host remodelling
[2, 3]. The field relies extensively on the production of porous 3D scaffolds which can be
implanted to provide the appropriate environment for the regeneration of tissues and organs
[4]. The regenerative scaffold should have properties similar to those of the native tissue as it
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has been shown that the scaffold architecture dictates the final structure of the regenerated
tissue [5, 6]. There is, therefore, a growing interest in the production of biomimetic scaffolds
that facilitate the regeneration of tissues that are structurally consistent with the surrounding
tissue.
Fig. 1.1 Tissue engineering triad [7]
When applied to damaged tissue, a scaffold can support cellular in-growth and allow the
healing process to proceed [8]. Ideally, the scaffold is resorbed in parallel with the healing
process, such that, upon completion of regeneration, only native tissue remains [9]. Natural
tissue consists of three primary components: cells, ECM, and signalling molecules. These
components have been identified within the literature as the tissue engineering triad and are
summarised in Figure 1.1 [4, 7, 10]. In essence, tissue regeneration constructs are designed
to imitate this composition and encourage functional tissue repair.
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Many tissues which would benefit from scaffold-facilitated regeneration are biomechanically
complex [11]. Examples include interfacial tissue, such as the osteochondral interface in
articulating joints, or muscular organs, such as the heart, which require several essential
structures to restore function [12–17]. High levels of complexity in the tissues or organs
targeted for repair necessitate fabrication methods that provide specific control over regener-
ative scaffold architecture. Many fabrication techniques have been developed to enable the
fabrication of 3D scaffolds with interconnected porosity, ranging from particulate leaching
techniques to electrospinning methods [18, 19]. Traditional methods for scaffold fabrication
can enable the introduction of interconnected pores with tunable pore sizes and varying de-
grees of anisotropy. Control of complex pore architecture, however, has been a challenge [20].
The materials used for scaffold fabrication can be designed to optimise tissue engineered
construct efficacy in clinical settings. Biomaterial properties dictate cellular interaction and
adhesion, ECM secretion, re-vascularisation, and paracrine processes within an engineered
construct [21]. Collagen is a natural biomaterial and serves as the main structural component
of the native ECM. The material has an inherently diverse range of binding motifs that en-
courage cellular attachment and migration, as well as enabling further functionalisation with
therapeutics and growth factors [22]. The ice-templating technique can be used to fabricate
scaffolds from a wide range of materials. The use of a natural polymer in particular type 1
insoluble collagen has, however, demonstrated translational success for the regeneration of
skin, nerve, and osteochondrial tissue [23]. The ChondroMimetic regenerative scaffold, for
example, was used clinically to repair damaged cartilage in the knee [24].
Ice-templated scaffold fabrication is being explored for applications in a wide range of
biomedical industries for the repair and reconstruction of skeletal tissues and organs [15, 24–
27]. The ice-templating technique utilises the natural physics of ice formation to produce
4 Introduction
porous interconnected scaffolds with a variety of pore sizes and morphologies [6, 28–30].
During the ice-templating process, an aqueous suspension is frozen. Due to the low solubility
of impurities in ice, undissolved particles are pushed to the periphery of ice crystals during
solidification. The resulting solid is a network of interconnected ice crystals encapsulated by
the scaffold material. Thus, when the ice is removed via sublimation the final structure is an
exact negative of the ice crystal network [31]. It has been shown that by understanding and
controlling the ice formation during the solidification phase the final scaffold architecture
can be controlled [32]. Variations in both the set freezing parameters and chemical or physi-
cal additives can enable final architectural features at multiple length scales to be tailored.
Control over features such as pore size, interconnectivity, surface roughness and structural
anisotropy can be achieved. Specific control of complex long-range pore organisation has
not yet been reported.
The work in this thesis is predominantly focused on the design and fabrication of scaffolds
for the repair of cardiac tissue, although much of the work is applicable to other complex
tissue types. The development of an efficacious tissue engineered therapeutic patch that can
facilitate regeneration of damaged myocardium and prevent end-stage heart failure is required
[33, 34]. Reported outcomes of the use of cardiac patches have been modest but promising,
but the clinical application of these techniques has been limited by a lack of vascularisation,
immunogenicity, poor control of patch structure, and lack of appropriate physio-mechanical
cues to promote cardiogenesis [10, 15, 35]. The specific and complex structural requirements
for tissue functionality have made the engineering of functional regenerative cardiac tissue a
challenge [21].
In this thesis, the design properties of type I collagen scaffolds for potential use in cardiac
tissue repair are described. The literature review contextualises the longitudinal approach
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taken in this work from architectural control of regenerative cardiac scaffolds through funda-
mental physical processes to the translational assessment of patch performance. Background
information about collagen and its role in the intricate extracellular matrix of the myocardium
is presented. The pathological structural degradation due to myocardial infarction is exam-
ined and the historical development of a therapeutic patch to structure cardiac regeneration
is reviewed. Recent improvements in the understanding of the functional importance of
extracellular structure on patch performance has increased the demand for fabrication meth-
ods that enable control of scaffold structure at multiple length scales. The ice-templating
technique and its governing physical processes are presented at the end of the review as a
possible avenue for tailored scaffold production. The culmination of the literature review
with underpinning physics of ice-templating frames the work presented in Chapters 4 and 5.
Chapters 4 and 5 of this thesis explore the control techniques for anisotropic freeze-cast
collagen scaffolds. The underlying ice physics is utilised to understand and manipulate the
process of solidification and ultimately control the final scaffold architecture. In Chapter 4
the relationship between set freezing parameters and pore size, alignment, and uniformity
within the final scaffold is explored. Subsequently, in Chapter 5 the fundamental physical
processes are leveraged to develop a novel fabrication method that enables local and specific
macro-architectural order, while maintaining the multi-scale features characteristic of the
ice-templating technique. The fabrication technique is presented alongside a predictive finite
element model that enables bespoke design of complex architectures with long range pore
organization.
Enhanced control over complex pore orientations is particularly advantageous for the devel-
opment of engineered cardiac tissue. Highly ordered structure in cardiac tissue constructs has
been found to enable increased physiological behaviour in vitro, enhancing the relevance of
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model systems for disease development and/or drug delivery. In the context of a therapeutic
patch, biomimetic cellular organisation could enhance the integrative and functional capacity
of regenerative scaffolds and direct the deposition of regenerated ECM. Chapters 6 and 7
of this thesis, explore the influence of anisotropy on regenerative cardiac constructs. In
Chapter 6 the functional signalling and contractile capacities of cardiac constructs structured
by pseudo-isotropic and aligned collagen scaffolds is directly compared at multiple length
scales. Functional differences are highlighted at both a cellular and tissue level. In Chapter 7
an ex vivo cardiac model is used to evaluate the mechanical conformance to dynamic native
myocardial deformations for different scaffold architectures. This work will help inform the
design of regenerative cardiac constructs for applications both in vitro and in a translational
capacity.
The aim of this work is to 1) develop ice templating techniques that afford improved architec-
tural control over freeze cast collagen scaffolds; 2) Introduce a predictive quantitative model
that can be leveraged to tailor scaffold architecture to better mimic native tissue structure; and
3) to test the hypothesis that cardiac regeneration, both from a cellular and physiomechanical




2.1 Collagen as a biomaterial
Collagen is the most abundant protein in the human body as it is the main structural compo-
nent in the native extracellular matrix [36]. Collagen, a triple helical protein it, is composed
of three polypeptide chains with at least one region of a repeated amino acid sequence
(Gly–XY)n where the X position is frequently proline and the Y position is often hydroxypro-
line [22, 37–39]. To date, 30 different collagen types have been identified [40]. Collagens
are classified by their chemical structure and present in specific ratios within native tissue to
dictate tissue specific physio-mechanical environments [38, 41].
2.1.1 Collagen structure
There are two main subfamilies of collagen namely fibrillar and nonfibrillar. These structural
classifications are based on molecular packing and ultrastructure. Nonfibrillar collagens serve
many purposes including, but not limited to, network formation, membrane formation, and
membrane association [37, 40]. Collagen VII, for example, forms a hexagonal network in
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Descemet’s membrane while collagen VI forms a beaded filament that anchors the membrane
of skeletal muscle cells to the extracellular matrix [40]. Another subclass of nonfibrillar
collagens are the Fibril-Associated Collagens (FACIT) that associate with the surface of
collagen fibrils and are believed to have a regulatory role on fibre dimensions and interactions
[39, 40].
Fibrillar collagens are among the most abundant proteins in nature as they are the main func-
tional support material of almost all connective tissue. The primary function of most fibrillar
collagens is to provide three dimensional frameworks that confer mechanical strength, as
well as signalling and organising functions for tissues and organs. The most common fibrillar
collagens are types I, II,and III collagens. They contain long, uninterrupted (Gly–XY–)n
sequences and associate into a long triple helix known as a collagen monomer. Monomer
formation is summarised in Figure 2.1a. in some tissues the monomers are associated into
highly ordered fibrils. Lateral grouping of these fibrils results in thick fibres as described in
Figure 2.1b [37, 38]. Most collagen fibrils in mature tissue are composed of several collagen
types and are termed heterotypic. For example, cartilage contains fibrils of types II, XI, and
IX or of types II and III, and skin is comprised of heterotypic fibrils of type I and III. The
composition of collagen ECM changes with tissue type to dictate specific structure [38].
2.1.2 Collagen in the body
Collagen composition and orientation varies from tissue to tissue. Type I collagen fibrils are
present in ligaments and tendons with traces of types III and V, and organised in parallel
bundles of thick fibres for directional tensile strength. Conversely, in skin, fibrils are ran-
domly oriented in the plane of the skin [38]. Type II collagen, in cartilage, forms thin fibrils
that trap highly charged proteoglycans and water for resilience during compressive loading.
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(a) (b)
Fig. 2.1 Fibrillar Collagen (a) Collagen monomer formation: 1) A standard fibrillar collagen
molecule 2) Formation of the central triple helical structure of procollagen and collagen. 3)
Procollagen is secreted into the extracellular space. 4) Procollagen is converted into collagen
via cleavage of the N- and C-propeptides (b) Collagen fibre formation, collagen is assembled
into cross-striated microfibrils that merge into mature fibrils, further bundling occurs to form
fibres stabilized by FACIT collagens [37]
The collagen matrix in the myocardium consists mainly of types I and III collagens; type
I collagen mainly provides rigidity, whereas type III collagen contributes to elasticity [41, 42].
Within the heart collagen molecules serve several functions. The primary function of which is
that of supporting the muscle cells and blood vessels. Collagens also act as lateral connections
between cells and muscle bundles to govern architecture and coordinate force. Furthermore,
the respective tensile strength and resilience of myocardial collagens are important determi-
nants of myocardial stiffness during both diastole and systole and serve to resist myocardial
deformation, maintain shape and wall thickness and prevent ventricular aneurysm and rupture
[41].
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2.2 Characterisation of native structure and dynamics of
the heart
2.2.1 Native myocardial structure
The myocardium has a complex 3D architecture comprising a cellular component supported
by an intricate extracellular matrix that both contribute to the optimised contractile function
of the heart [16]. Within the myocardium the most prevalent cell type is the cardiomyocyte,
accounting for up to 30% of the total cellular population. Additional cell types include
endothelial cells (ECs), pericytes, fibroblasts, and resident immune cells such as macrophage,
B-cells, and T-cells [43, 44]. The cardiomyocytes serve as the fundamental contractile
element of the tissue, individually shortening by ⇠15% and thicken by only ⇠8% during
systole [16, 45]. However, myocyte contraction alone does not account for the functional
ventricular contraction. Contraction of the left ventricle has been found to entail both longi-
tudinal and circumferential shortening of between 10% to 25%, as well as greater than 35%
thickening of the myocardium [16, 45]. These macro-functional dynamics are facilitated
by the complex architecture of the ECM that imposes long range cellular order and directs
electrical signalling propagation [44]. The ordered cellular structure of the myocardium is
summarised in Figure 2.2.
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Fig. 2.2 Cardiac muscle organization (A) Multi-slice tractogram depicts the primary diffusion
eigenvector (E1) direction color-coded according to the helix angle (HA) (B) Schematic
diagram of the helical structure of cardiomyocytes with zoom. (C-J) Sheetlet angle (SA)
rotation during cardiac contraction is depicted during (C-F) diastole and (G-J) systole
with myocardial sheetlet microstructures shown in (C) relaxed and (G) contracted ex-vivo
heart samples, a yellow ellipse surrounds a single sheetlet composed of closely packed
cardiomyocytes (purple) bounded by shear layers (white). The sheetlet angle is defined as
the angle between the sheetlet and the local epicardial left ventricular (LV) wall. Here, SA
varied from a low value (SA ⇠15o) in (D) diastole to a high value (SA ⇠60o) in (H) systole.
The colour coding indicates sheetlet orientation: blue is left handed epicardial helix; yellow
is the mid-myocardium circumferential alignments; red is the right-handed endocardial helix;
grey is the intervening cracks or shear layers. Data was collected with DT-CMR ¼ diffusion
tensor cardiac magnetic resonance [16]
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The heart wall is composed of a highly ordered ECM that contains three layers: the out-
ermost epicardium, the myocardium, and the innermost endocardium [44]. Specifically,
the microstructure of the left ventricular wall consists of cardiomyocytes embedded in a
predominantly collagen matrix that forms anisotropic sheets of myocardial syncytia [46–50].
Figure 2.2 illustrates the orientation of the syncytium which has been found to vary smoothly
as a function of tissue depth. The left-handed helical alignment that dominates the epicardial
layer is shown in blue, the circumferential alignment observed in the myocardial layer is
yellow, and the primarily longitudinal alignment of the endocardium is illustrated in red
[51–53]. This highly ordered structure facilitates directional contraction and a twisting of
the apex relative to the base during contraction; a function that optimises cardiac output
[45]. The helical arrangement alone is, however, insufficient to explain the magnitude of
ventricular wall thickening during systole [45]. A secondary organisation of cardiomyocytes
consisting of laminar microstructures, 5 to 10 cardiomyocytes thick, termed sheetlets has
been identified [54, 55]. The reorientation of these sheetlets during contraction has been
proposed as the predominant mechanism to explain macroscopic wall thickening [16, 56, 57].
The directionally contractile behaviour of the myocardium facilitated by its complex extracel-
lular architecture results in asymmetric deformation of the tissue during contraction [46–50].
In recent years new technologies have been developed to measure the in vivo deformation
of the myocardium. For example, strain mapping has emerged as a clinical diagnostic and
characterisation technique. Non-invasive imaging techniques can be used to perform cardiac
strain imaging (CSI) such as ultrasound speckle-tracking echocardiography (STE), cardiac
magnetic resonance image (cMRI) feature tracking, cMRI tissue tagging, and cardiac com-
puted tomography (CCT) [58–60]. STE is the most popular technique because of its relatively
simple implementation and clinical availability [58, 61]. The assessment of left ventricular
longitudinal strain through STE and cMRI has been shown to predict significant coronary
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heart disease, illuminate hypertrophy in systolic ventricular function, indicate risk of diabetic
cardiomyopathy and highlight the site of infarction as shown in Figure 2.3a [59, 62, 63].
These methods typically involves capturing and processing planar cross-sectional views of
the heart, meaning the deformation across the surface of the myocardium is not characterised.
Soltani et al. 2018 [46], characterised the strains across the superficial epicardium of the right
ventricle during open heart surgery. Direct optical imaging and speckle pattern tracking was
used to perform full-field measurements of native myocardial principal strains, as shown in
Figure 2.3b. A directional contraction was observed such the principal strains occurred con-
currently in opposing directions with unequal magnitudes. In this study, strain was measured
with reference to the contracted state and, therefore, the dominant strain was found to be in
the positive direction as shown in Figure 2.3b. These measurements provided new insight
into the biomechanics of the heart. The open heart surgery model, however, has a limited
field of view and is not applicable to test myocardial reaction to novel pharmaceuticals or
tissue engineered scaffolds. An improved understanding of native deformation, however,
informs the design and production of biomimetic bioreactors that aid in cell development in
vitro [11, 64–68]. Furthermore, strain analysis techniques can be utilised in characterising de-




Fig. 2.3 (a) Three-dimensional (3D) Lagrangian strain map of the left ventricle with a
myocardial infarction collected through cMRI data. A shows the myocardial infarction
region at the subendocardium of the basal-posterior part of the heart (yellow arrow) -C
shows the calculated strains from echocardiogram data. B radial and C longitudinal strains
show a clear strain difference between the infarcted area and its neighbouring regions [59].
(b) Surface deformation strains collected through direct optical imaging A Original image
from the heart overlain with displacement vectors and the vector length indicated by the
colors. The black rectangle indicates where the average of the vector components, strain rate,
principal strains, and tissue velocity were obtained from, and the red line shows the direction
and length of the virtual extensometer used for extracting the data for fractional shortening B
Displacement color heat maps for early systole stage C Displacement colour heat maps for
end diastole stage D Average maximum and minimum principal strains obtained from the
DIC analysis and the standard deviation error bars for each point [46]
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The dynamics of the myocardium can also be visualised in vivo through Ca2+ transients
and transmural gradients in membrane potential [25, 70–73]. Recently new technological
developments have enabled the study of transmembrane potential, calcium transience and
conduction velocity distributions across the width of the myocardium [72, 73]. Wen et al.
2018 used optical mapping to characterise dynamic electrophysiological behaviours in thin
transverse slices of murine hearts treated with Ca2+ sensitive dye Rhod-2 and voltage sensi-
tive dye RH237 [72]. It was shown that for both membrane potential and calcium signalling
there was a significant signal duration gradient across the myocardial wall. Reduced signal
durations were observed in the epicardium when compared with the endocardium. It was
further found that through activation mapping of the thin transverse slices, arrhythmic be-
haviour could be identified in the epicardium and the endocardium [72]. A similar approach
has been taken in the assessment of signalling capabilities of engineered tissues through
optical imaging of Ca2+ florescence and wave form analysis [25, 70, 71]. Taken together
recent developments of optical imaging techniques using both strain and electrophysiologic
signalling have help to elucidate the complex dynamics of the native myocardium.
2.2.2 Myocardial infarct, the structural and functional effects
An acute myocardial infarction results in a weakening of the ECM within the ventricular wall
which, in turn, results in chronic wall lengthening, thinning, and overall ventricular dilatation
as shown in Figure 2.4 [10, 74–76]. Degradation of the myocardial wall is permanent due to
the diminished regenerative capacity of adult cardiomyocytes, and the limited population
of progenitor cells [3, 10, 77–80]. This ischemic damage causes the loss of cardiomyocytes
(CMs) and the formation of fibrotic scar tissue that interferes with mechanical and electrical
signal propagation leading to arrhythmia and subsequent heart failure [81].
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Fig. 2.4 Cardiac cross section of an A healthy and B myocardial infracted adult murine heart
four weeks post injury stained with Masson’s trichrome (TC, to label muscle fibers in red,
collagen in blue, cytoplasm in pink, and nuclei in dark brown) [3]
Currently, therapeutic interventions, such as blood thinners, balloon angioplasty/stenting,
and bypass grafting to restore coronary vascularisation, are ineffective in restoring function
of ischemia-induced damages to the myocardium [44]. The only treatment option for end-
stage heart failure is a full cardiac transplant. Limitations in donor organ availability and
immunogenicity have motivated research into alternative therapies that can regenerate the
damaged myocardium and prevent organ failure [10, 44, 82].
Direct cell delivery and the application of regenerative tissue constructs are two potential
therapeutic interventions for cardiac regeneration [44]. Clinically, it has been demonstrated
that intramyocardial injection or intravascular infusion of contractile cells such as myoblasts,
or cardiomyocytes, and of non-contractile cells such as smooth muscle cells or human mes-
enchymal stem cells, can attenuate further damage to the myocardium and reduce the risk of
heart failure [10, 83–85]. The efficacy of these cell delivery-based therapies is limited by low
cell survival and engraftment rates as well as high incidence of anoikis or washout at the site
of injury [86]. Data obtained from several studies have shown that cells delivered as a part of
an engineered tissue construct can significantly enhance the cell survival and engraftment
rate compared with direct cell delivery therapies [10, 87–91].
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2.3 Tissue engineering for cardiac regeneration
Tissue repair constructs are being developed for a wide range of in vivo and in vitro ap-
plications [4, 35, 70, 92–95]. In vitro, cardiac micro tissues, organoids or organ on a chip
systems enable a more complete understanding of disease development and drug efficacy
[4, 96, 97]. Additionally, in vitro systems can be utilised for cell based therapies or biomedi-
cal studies on functional cell differentiation, environment cell interaction, cancer cell biology
and drug delivery methodology [4, 98–101]. In vivo, engineered cardiac tissue, applied as
a regenerative patch, has been shown to facilitate regeneration of native tissue after injury
[3, 44, 82, 102, 103]. The efficacy of these model and regenerative systems has been limited
by the capacity of engineered tissue to recapitulate the inter and intra cellular dynamics of
the native myocardium.
The complex form and function of myocardial tissue has made the development of biomimetic
engineered tissue for cardiac applications a unique challenge. It is now widely accepted
that the mechanical, and architectural properties of tissue influence the intra-cellular and
extra-cellular behaviour as well as cell-substrate interactions that ultimately dictate cellular
adherence, phenotype and function [11, 67, 104–106]. For in vivo systems, biomimetic
properties are integral as construct-host interactions can dictate the efficacy of engineered
tissue [11, 44]. Native tissues are exposed to temporal stresses and strains, fluid pressure,
fluid flow, and cellular/construct deformation [107–109]. It has been shown that mismatch
between scaffold and native matrix properties can cause disruptions in signal propagation
and mechanical discrepancies, as well as increased stress on the regenerative tissue due to
boundary loading [11, 110]. Informed cardiac tissue design, therefore, requires a comprehen-
sive understanding of the native myocardial architecture and its influence on tissue function
to help characterise the diverse array of physical signals that cells may experience in vivo [11].
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2.3.1 Engineered cardiac patch as a treatment for myocardial infarct
A promising avenue for cardiac tissue repair is the application of a regenerative patch to sup-
port the ventricular wall and template tissue regeneration. Figure 2.5 illustrates the anatomical
sites of scaffold application to support the myocardium. Cardiac patch application, such
as those illustrated in Figure 2.5, has been shown to encourage ventricular wall thickening,
reduce cardiac wall stresses, and improve ventricular function after myocardial infarction
[3, 50, 87, 111–113]. Cardiac scaffolds can be fabricated and functionalised through a range
of techniques [10]. Each structure is designed to deliver healthy cells to the damaged area,
facilitate tissue growth and serve as a template for new matrix deposition [4]. The clinical
application of these techniques has been limited by several factors including a lack of control
over scaffold structure, low re-vascularisation rates, high immunogenetic responses and
insufficient capacity for the engineered construct to facilitate appropriate physio-mechanical
cues to promote cardiogenisis [3, 114–116].
Current fabrication techniques
The efficacy of regenerative tissue is largely dependent on its material composition and
structural architecture. The scaffold material should enable cellular adherence and prolif-
eration with low immunogenicity [10]. Engineered structures also need to be sufficiently
porous to enable nutrient and waste transport [117]. The regenerative scaffold architecture
should replicate the native cardiac ECM, both chemically and mechanically to facilitate
appropriate intercellular signalling and electromechanical coupling [44]. Finally, regenerative
constructs should degrade in parallel with native extracellular repair processes, such that
no toxic or immunogenic by-products are formed during resorption [44, 76, 118]. These
features are commonly dictated by both chosen material and scaffold manufacture method [4].
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Fig. 2.5 Anatomical diagram of the Cellular and extracellular matrix (ECM) composition of
the pericardium and heart wall as well as cardiac patch placement [44]
Scaffolds for cardiac tissue regenerative applications are commonly fabricated from either
synthetic polymers or natural polymers [4]. Synthetic polymers such as poly-glycolic acid
(PGA), poly-l-lactic acid (PLLA), and poly-lactic-co-glycolic acid (PGL) are also used to
produce scaffolds for cardiac repair [119–121]. These materials have been shown to have
predictable degradation rates and reproducible chemical and mechanical properties [10, 122–
124]. Additionally, synthetic polymers are readily available and easily manipulated. Scaffolds
can be fabricated with great precision to reflect the architecture of native tissue [125, 126].
Synthetic polymers, however, are found to induce persistent inflammatory reactions, toxic
degradation pathways, and structural incompatibility with host tissue resulting in reduced
tissue integration [4, 10, 127].
20 Literature Review
Natural polymers such as collagen, fibrin and alginate, on the other hand are inherently bioac-
tive and provide a diverse array of binding and signalling motifs across the scaffold surface
[10, 82, 118]. Scaffolds constructed from natural materials have, therefore, been shown to
promote cellular migration, adhesion, proliferation and differentiation [22, 128, 129]. Natural
polymers are often found to be non-toxic and degrade without the formation of harmful
by-products and therefore over time allow host cells to produce native extracellular structures
to replace the scaffold [4, 10]. The reduced inflammatory response associated with most
natural polymers has enabled the clinical application of regenerative structures [24, 130].
Scaffolds composed of natural polymers, however, are challenging to fabricate and their
architectures and mechanical properties are difficult to control [4].
Polymers used for cardiac tissue engineering, both natural and synthetic, have been fabricated
in either gel form or solid state [10, 131]. Hydrogels are characterised by vast hydrophilic
networks of polymer chains, often adopting a three-dimensional conformation due to the
cross-linking [44]. Several materials are used in the fabrication of hydrogel scaffolds for
cardiac patch engineering, including fibrin, collagen, gelatin, chitosan, Matrigel, and combi-
nations thereof [44]. These materials allow for encapsulation of cells at a high density and
can be polymerised around structural frames to form desired sizes and shapes [44, 132–134].
Hydrogels lack a defined architecture to guide cell assembly and therefore, the formation of
hierarchical organisation that recapitulates the laminar architecture of the native myocardium
is hampered [70, 135, 136]. Solid state tissue engineering in the form of a three-dimensional
scaffolds, on the other hand, can provide mechanical cues that guide laminar tissue formation
[70, 137–141].
As mentioned previously architectural control of cardiac scaffolds is integral to their down-
stream regenerative function. Scaffolds should be sufficiently porous to encourage cellular
migration and enable efficient nutrient transport across the construct to avoid necrosis of the
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core [110, 117, 142–145]. It has been found that pore diameters of ⇠100 µm are optimal for
cardiomyocyte populations. Angiogenesis, however, requires larger pore sizes of ⇠300 µm
to enable vascular development [10, 146–148]. Recently, hierarchical structural order has
been identified as a key feature in cardiac scaffold fabrication [35, 50]. It has been shown
that anisotropic scaffold structure can direct biomechanical and electrochemical signalling
across the construct [35, 70]. Numerous methods for porous scaffold construction have been
developed, including solvent casting/particle leaching, gas foaming, electrospinning, rapid
prototyping and freeze drying [149]. Each method results in distinct scaffold structures
as shown in Figure 2.6 and enables varying degrees of architectural control. While both
solvent casting and gas foaming have been shown to result in scaffolds with high porosity, as
shown in Figures 2.6 A-C, the control of pore interconnectivity and multi-scale architecture
is limited [10, 150]. Electrospinning and freeze-casting techniques facilitate the production
of scaffolds with structural features at multiple length scales, as shown in Figure 2.6 D &
E. While there has been great progress in recent years, control over long range architectural
organisation is still limited [50, 142, 151]. In contrast, rapid prototyping enables excellent
long range architectural control, but, the technique is limited by a lack of structural features
at the cellular level as shown in Figure 2.6 F [25, 152]. Currently, there is great interest
in the development of a fabrication method for cardiac scaffold fabrication that enables
architectural control at multiple length scales [152].
Therapeutic effects of regenerative cardiac tissue
In this section, implantation attempts are presented in chronological order to illustrate the
development over time of the therapeutic effects of the regenerative cardiac patch. The regen-
erative efficacy of engineered cardiac tissue has been continuously improving over the past
two decades. Kelley et al.1999 first demonstrated that the application of a poly(propylene)
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Fig. 2.6 Typical porous structures produced by different scaffolding techniques. (A) salt/sugar
particle leaching (PLA); (B) paraffin template (paraffin microsphere leaching (PLA) [250];
(C) chemical reactant gas foaming (polyurethane); (D) thermally induced phase separation
(TIPS)/freeze drying (PLA); (E) electrospinning (PCL); (F) 3D Printing (PLGA); [10]
(Marlex) mesh around the heart after infarct, acting to inhibit left ventricular dilation, pre-
served the ventricle geometry and function in an ovine model [153]. A year later, Leor et
al. 2000 seeded foetal rat myocardial cells onto isotropic freeze dried alginate scaffolds and
implanted the constructs into rat hearts affected by myocardial infarct. It was found that, af-
ter nine weeks, the addition of cells encouraged neovascularisation and host integration [154].
In the same year, Zimmerman et al. 2000 presented a technique to produce spontaneously and
coherently beating 3-dimensional engineered heart tissue by seeding neonatal rat cardiomy-
ocytes onto a ring shaped collagen hydrogel [155]. These scaffolds were later fitted around
rat hearts after myocardial infarction [156]. It was found that after 14 days of implantation
the engineered tissue was heavily vascularised, and after 28 days electrical coupling had
occurred between the graft and the host. Additionally, the engineered tissue was found to
prevent further ventricular dilation and induce systolic wall thickening of infarcted myocar-
dial segments [103]. In 2008, cardiac patch efficacy was tested clinically in the Myocardial
Assistance by Grafting a New Bioartificial Upgraded Myocardium (MAGNUM) phase I
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clinical trial, where isotropic collagen patches seeded with bone marrow cells were sutured
into ten patients with postischemic left ventricular scarring. Results showed that patients
treated with the patch had increased left ventricular wall thickening by 33%, reduced cardiac
wall stresses, and improved diastolic function [157]. These early results were promising.
Chronic limitations, however, such as low cell density, survival and construct contractile
force compounded with high inflammatory responses, prevented clinical application.
Holladay et al 2012 introduced several growth factors to isotropic freeze dried collagen
type I scaffolds seeded with mesenchymal stem cells to promote cell maturity, survival and
reduce the inflammatory response. The constructs were adhered to rat hearts with induced
myocardial infarcts. The functionalised collagen scaffolds reduced inflammatory response,
increased infarct wall thickness, and increased the left ventricular ejection fraction as shown
in Figure 2.7a [158]. While these results seem encouraging no significant changes were
observed in infarct size. This lack of correlation between functional improvement and infarct
size was also observed in many other studies that predated the efforts of Holladay et al
2012 [159–162]. In 2015 Menasche et al. published the first clinical case report in which
human embryonic stem cells were amplified and cardiac-committed prior to seeding onto
an isotropic fibrin scaffold in order to improve patch function. The scaffold was implanted
into a 68-year-old patient suffering from severe heart failure. After 3 months, improved left
ventricular ejection fraction was observed without further complications such as arrhythmia,
tumor formation, or immunosuppression related adversities [33]. The outcomes of these
studies, and others demonstrating the use of cardiac patch application to improve ventricular
function after injury, have been modest but promising [3, 50, 87, 111, 113]. Extensive
clinical application of these techniques has been limited. Reported shortcomings include
vascularisation, immunogenicity, poor control of patch structure, and lack of appropriate
physio-mechanical cues to promote cardiogenisis [3, 114–116, 118]
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(a) (b)
Fig. 2.7 Translational applications of cardiac patches (a) The effects of cell seeding and
growth factor fuctionalisation of a type 1 collagen cardiac patch on infarcted rat hearts. A
Histologica (Masson’s Trichrome staining) analysis of infarct size and severity within the
left ventricle in the groups treated scaffold alone, scaffold +rMSCs, and scaffold + rMSCs
+ pIL-10. B Quantitative analysis of mean wall thickness in each group. C Quantitative
analysis of mean recovery in LVEF% [158]. (b) Modular assembly and performance of an
aligned albumen patch A SEM images of grooved scaffolds with microholes B Schematics
(Left) and SEM micrographs (Right) of grooved electrospun scaffolds stacked with a slight
angle shift C - E cellular structure and electrical signalling dynamics for C-D planar and
E-F grooved scaffolds. Immunofluorescence images sow a-sarcomeric actinin (pink). Heat
maps show D randomly oriented electrical signal propagation of an engineered cardiac tissue
within the planar scaffolds and F anisotropic propagation within the grooved scaffolds. G
Infiltration of a host blood vessel containing red blood cells (white arrow) into the engineered
construct (black arrow).
Cell-focused strategies have historically been applied to promote cardiomyocyte matura-
tion to improve the functional capacity of the cardiac patch. However, in recent studies,
engineered tissue structure has emerged as an important cell signalling regulator that can
promote proliferation as well as electrophysiological and structural maturation [163, 164].
The development of polymeric hydrogel bioinks and the growing popularity of bioprinting
as a mode of scaffold fabrication has enabled an increased understanding of the importance
of macro-scale architecture in cardiac tissue engineering. Jang et al. 2017 fabricated stem
cell-laden patterned patches with human cardiac progenitor cells encapsulated in polycapro-
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lactone. It was found that 3D printed patches exhibited enhanced cardiac function. They
also reduced cardiac hypertrophy and fibrosis, increased migration from the patch to the
infarct area, and capillary formation resulting in improved cardiac function when compared
with nonpatterned patches. These results demonstrated that the patterned patch architectures
provided artificial cardiac niches that facilitated cardiac tissue repair [165]. Fleischer et
al. 2017 also highlighted the importance of scaffold architecture by designing a cardiac
patch constructed from layers of electrospun albumen scaffolds with laser patterned grooves
[50]. The scaffolds were layered with offset orientations to replicate the helical structure
of the myocardial wall and seeded with cardiac cells isolated from neonatal rats. It was
found that the grooved scaffolds facilitated cell alignment and directional electrical signal
propagation as shown in Figure 2.7b. The addition of growth factors was also found to
improve vascularisation in vivo. These studies have motivated new interest in understanding
the influences of substrate structure on cardiomyocyte behaviour.
Fleischer et al. 2017 constructed a cardiac patch through the modular layering of patterned
albumen films seen in Figure 2.7b [50]. It was shown that scaffolds composed of anisotropi-
cally patterned layers mimicked both the stiffness and mechanical anisotropy of the native
myocardium. It was also found that cardiac cells cultured within these layers assembled
into aligned and elongated cardiac bundles resembling the natural tissue morphology and
facilitating directed signal propagation as shown in Figure 2.7b. No spontaneous beating,
however, was reported [50].
Understanding the importance of anisotropy
Although translational studies in cardiac tissue engineering only recently began utilising
anisotropic architecture to improve tissue function, the structure–function relationships in
cardiac muscle for in vitro systems has been a topic of interest for decades [71, 137, 139, 166–
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168]. Rohr et al. 1991 demonstrated that patterned cultures that constrain the cell monolayer
in two dimensions can regulate source–sink relationships in cardiomyocyte signalling, re-
sulting in unique propagation of action potential wavefronts [137]. Similarly, work done on
neonatal rat ventricular myocytes cultured on fibronectin patterned through microabrasion
showed that alignment of the ECM potentiated the elongation and alignment of cultured
myocytes. The cells formed anisotropic monolayers that propagated excitation wavefronts
faster in the longitudinal direction relative to the transverse direction [139]. Topographi-
cal micropatterning of substrates has since been shown to direct the self-organisation of
cardiomyocytes into muscle tissue with a hypertrophic phenotype [167, 169]. Specifically,
geometric cues in the ECM have been shown to act as boundary conditions that regulate
myofibrillogenesis. The resulting two dimensional structural formations can be seen in Figure
2.8a A-C [168, 170, 171]. Consequently parallel alignment of bundled myofibrils has been
found to enhance contractile strength as shown in Figure 2.8a D [172]. Feinberg et al. 2012
demonstrated that structural alignment cues influence the inter-cellular and intra-cellular
organisation of cardiomyocytes by combining image analysis of sarcomere orientation with
muscular thin film contractile force assays. Sarcomere-generated force was found to increase
as a function of tissue anisotropy. The observed relationship was larger than would be
anticipated from enhanced calcium handling and increased uniaxial alignment alone. These
reports suggest that boundary conditions imposed on myocardiocytes by a two-dimensional
extracellular environment are an important regulator of cardiac tissue form and function [71].
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(a)
(b)
Fig. 2.8 Functional influence of anisotropy (a) 2D tissues composed of cells with clearly
defined borders that reflect the engineered alignment A isotropic B anisotropic and C lines.
Plot of orientational order parameter (OOP) verses sarcomere contractile stress for each
tissue type. [71] (b) Calcium wavefront propagation on a healthy (top) or injured (middle
and bottom) tissue-engineered NRVM ventricle. The uninjured ventricle exhibited plane
waves with a peak-to-peak spatial period of 5 mm (top). Subsequent 1 mm diameter biopsy
punch injury of this ventricle resulted in circular anatomical defects that generated pinned
spiral waves. The single-hole injury (middle) generated a single spiral wave whereas the hole
pair (bottom) generated counter propagating spiral waves that converged and propagated
through the inter-hole region with each cycle. Black arrows in isochrone images indicate
direction of calcium wave rotation and propagation. Scale bars, 3 mm [70]
Some recent studies have emerged demonstrating increased physiological functionality in
three dimensional anisotropic tissue engineering [35, 50, 70, 97]. Macqueen et al. 2018,
motivated by mimicking the native myocardial architecture, engineered 3D ventricle scaffolds
that were shown to promote cardiomyocyte assembly into functional 3D tissue-engineered
ventricle chambers. The ventricle scaffolds were found to direct signal propagation, and
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describe the arrhythmia in the presence of injury as shown in Figure 2.8b. Additionally,
contractile behaviour was observed and cyclic pressure volume changes were reported. The
thin (⇠30µm thick) structure, however, limited the contractility of the construct [70]. Finally,
Liu et al. 2020 demonstrated that anisotropy of the cellular micro-environment influences
the contractile force of 3D printed methacrylated gelatin constructs. It was shown that cells
printed in a grid pattern produced reduced contractile force when compared to cells printed
into parallel lines. The influences of structural architecture on signalling dynamics, cellular
development and phenotyping were not explored [35]. These recent studies support the
hypothesis that biomimetic structural properties dictate the form and influence the function
of engineered cardiac tissue. The technical complexity of scaffold engineering, however, has
meant that the isolated functional and developmental effects of architectural organization
in engineered cardiac tissue have not yet been systematically studied. Little is, therefore,
known about the direct influence of structure on specific functionality of engineered tissue.
2.3.2 Current limitations in cardiac tissue engineering
The field of cardiac tissue engineering has made several breakthroughs in the past 20 years,
expanding the potential for tissue regeneration in future human and model medical systems.
Despite improvements in cell fate designation and cellular maturity, significant hurdles
remain in establishing and maintaining sufficiently high cellular densities within engineered
tissue [2]. Specifically, vascularisation has been identified as a major concern. In particular,
the metabolic rate of cardiomyocytes necessitates a dense capillary system in the cardiac tis-
sue [173]. Scaffold functionalisation with growth factors such as VEGF and FGF has shown
encouraging results. Improvements in scaffold architectural design and pre-vascularisation
may significantly increase both cellular and graft survival as well as promote functional
integration with the native myocardium [2, 44]. In addition to patch viability, optimisation
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of engineered tissue function is also necessary for translational application. The heart is
an organ with excellent biomechanical properties to support high pressure and produce
significant contractile force [2]. The electrical function and contractile force generated by
engineered cardiac tissues currently falls well below desired levels and is compounded by
inconsistent electrical integration with the host myocardium [44]. Introducing biomimetic
anisotropy to engineered tissue structure is hypothesised to improve both the functional
contractile limitations such as contractile strength as well as electrical coupling between
native and engineered tissue. There is, however, a lack of fabrication methods that enable
architectural control of three dimensional scaffolds at multiple length scales [152].
2.4 Ice templating
As mentioned previously tissue engineering scaffolds require a porous matrix with high
interconnectivity to support cellular in-growth and efficient nutrient transport [110, 117, 142–
145]. The structure should also provide sufficient physio-mechanical support to enable native
function at both a cellular and tissue level until full integration and regeneration are achieved
[174]. A variety of methods have been developed to produce biomaterial scaffolds in an at-
tempt to replicate tissue structures. Many scaffolds, however, have features at a single length
scale, not hierarchical structures consisting of features on multiple length scales. Scaffolds
with hierarchical structures better resemble biological tissues and have been demonstrated to
enhance cell function [152, 175–177]. The freeze-casting technique is highly appealing for
its ability to produce hierarchical structures with topographical characteristics at multiple
length scales. Freeze-casting is independent of scaffold substrate because it is a physical
process. The process is, therefore, conserved for a variety of materials such as ceramics,
metals, or polymers.
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To date the literature around freeze-cast collagen scaffolds has been split into two sectors
pertaining to the production and control of isotropic and aligned structures. Isotropic struc-
tures are characterised by a homogeneous sponge-like architecture with equiaxed pores
[31, 178, 179]. Anisotropic structures, however, are characterised by aligned morphologies,
with columnar pore structures [30, 142, 180]. These variations in scaffold morphology are
motivated by the variety of structures observed in native human tissue [181–183] as it is
necessary to replicate the structure of the native ECM to ensure the regeneration of functional
tissue with a biomimetic morphology [110, 184].
Freeze-cast structures are produced during the solidification of a colloid or suspension. The
porous structure is a result of the low solubility of impurities in ice, such that during crystal
formation the suspended particles are pushed to the periphery of the ice crystal. The resulting
solid is a network of interconnected ice crystals encapsulated by the particle material. When
the ice is then removed via sublimation the final structure is an exact negative of the ice
crystal network. It follows that by controlling the ice formation during the solidification
step the final scaffold architecture can be controlled [31, 32, 185]. Techniques have been
established to control pore size [32, 179, 186], wall thickness [187], surface roughness [188]
and interconnectivity [117, 188] across several length scales. Freeze casting is a compara-
tively straightforward physical process based on benign, biocompatible liquid carriers such
as water. For this reason all classes of materials can be processed [174].
2.4.1 Solidification
Solidification occurs in two stages, the formation of a stable nucleus and subsequent crystal
growth. Both impact the porous structure created through the freeze-casting process. Nu-
cleation is the process by which the first crystal is formed and occurs stochastically making
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it difficult to control. Once nucleation has occurred, crystal growth ensues [31]. The rate
and direction of crystal growth is sensitive to the thermal environment of the suspension
[185]. Following the completion of solidification, the crystal structure continues to evolve.
Remodelling occurs below the equilibrium melting temperature, and is dependent on many
factors, such as temperature, time, and composition of the solution. Both the solidification
and crystal remodelling processes can be further controlled through the utilisation of additives
that alter the chemical and physical properties of the suspension [31].
Nucleation
In order for the initial nucleus crystal to form, the system needs to overcome three main
barriers of formation: the reduction of entropy within the scheme, the increased strain energy
and the increased inter-facial energy at the interface between the solid and the liquid [189].
For this reason, liquid systems below the melting temperature exist in a metastable state. An
increasing number of molecules cluster into a locally ordered structure [189, 190]. When the
cluster grows large enough, stable bonds are formed and latent heat is released as described
in Figure 2.9 [31, 189, 190].
Fig. 2.9 Computational simulation results for the solidification of water at time a. 208 ns, b.
256 ns c. 290 ns, and d. 320 ns. Initial nucleus formation was observed after 256 ns (circled
region), subsequently stable hydrogen bonds are formed [190]
Nucleation can occur at any temperature below the melting temperature (0 oC). The probabil-
ity of a nucleation event, however, increases as the temperature decreases. The temperature at
which the stable nucleus occurs is referred to as the nucleation temperature [31, 189]. Within
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the literature, a positive correlation between the nucleation temperature and the size of the
stable nucleus has been identified [31, 191].
In freeze-casting systems, nucleation is widely acknowledged to be critical in determining
whether scaffolds are isotropic or anisotropic [28, 29, 192]. Husmann et al. 2015, demon-
strated that the thermal environment of a 1 wt % collagen suspension at the time of nucleation
was predictive of the structural composition of the final scaffold [193]. It was shown that
when all of the suspension had cooled below the melting temperature at the time of nucleation,
an isotropic pore structure was achieved. When large thermal gradients were present and
only a fraction of the suspension had cooled below the melting temperature at the time of
nucleation, an ice front was developed. The development of an ice front resulted in partially
anisotropic pore structures. Subsequent to nucleation, crystal growth has been shown to
influence the final pore morphology of both isotropic and anisotropic ice-templated scaffolds
[32, 179].
Crystal growth
In order to obtain porous structures, particles in the suspension must be rejected during crystal
formation. This phenomenon has been studied extensively with various model suspensions
[32, 194–196]. Thermodynamically, in order for rejection to occur there must be a net
increase in free energy if the particle is engulfed by the solid:
Ds = ssp   (sl p +ssl)> 0 (2.1)
where ssp, sl p and ssl represent the interstitial free energies of the solid-particle, liquid
particle and solid-liquid interface, respectively.
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It has been shown that for slow crystal growth rates, this thermodynamic relationship is
enough to predict particle entrapment or rejection [195, 197]. To enable particle transport to
the periphery of the crystal, however, a liquid film of sufficient thickness is required between
the solid phase and the particle. The thickness of this liquid film has been found to have a
negative relationship with the velocity of crystal growth, such that as crystal growth speeds
increase, the thickness of the liquid film decreases [32]. Therefore, there is a critical velocity,
vc, for particle rejection, above which particles are entrapped by the growing crystal. A









where a0 is the average intermolecular distance in the film, d is the overall thickness, h is
the solution viscosity, r is the particle radius and n is an empirically determined exponent
that has been found to vary between 1 and 5 depending on the model system [32, 195].
The interactions that govern particle rejection are summarised in Figure 2.10. For directional
solidification the critical velocity for collagen suspensions has previously been reported as
20 µm2. The determination of critical velocity in isotropic systems is comparatively more
difficult due to the lack of a measurable ice front [198]. In either case, however, it has been
found that variations in freezing kinetics below vc have a large impact on the pore size.
2.4.2 Freeze-casting kinetics
The kinetics of crystal growth in both isotropic and anisotropic systems are dictated by several
factors including temperature, heat flow and suspension composition. The crystal growth
rate is found to increase when the temperature of the suspension is reduced. Furthermore,
34 Literature Review
Fig. 2.10 Schematic of particle–freezing front interactions that govern particle rejection
[174]
the thermal environment also affects the rate of growth by governing how efficiently the heat
is removed from the system [179, 199]. Distinct methods have been developed to describe
the freezing kinetics for isotropic and anisotropic systems.
Isotropic freeze-casting kinetics
In isotropic freeze-casting, crystal growth occurs in the absence of significant thermal gra-
dients and when the entire suspension has cooled below the melting temperature prior to
any nucleation event. The low temperature of the suspension means that the overall latent
heat outweighs heat removal and two crystal growth phases can be observed. Initially, rapid
crystal growth from the nucleation site occurs in dendritic fashion and spreads throughout
the supercooled suspension [193]. The initial crystal growth rate is found to be positively
correlated with the degree of suspension supercooling [31, 200–202]. Rapid crystal growth
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results in a large latent heat release that raises the suspension temperature to the melting
temperature [179]. Part of the initial ice skeleton may melt following this phase of growth
[193, 203]. Subsequently, secondary ice growth occurs from the dendritic ice skeleton and is
dependant on the heat removal capacity of the thermal environment [193].
In 2014, Pawelec et al. demonstrated that the freezing kinetics of the secondary crystal
growth phase are responsible for determining the pore size of isotropic freeze-cast structures.
The time at equilibrium parameter was defined to describe the time between nucleation and
complete solidification, designated to occur at  1.5 oC [31]. It was found that suspensions
that spent greater time at equilibrium during solidification resulted in larger pore sizes irre-
spective of mould geometry or suspension volume.
Directional freeze-casting kinetics
Directional crystal growth occurs in the presence of sufficiently large temperature gradient,
such that only a small volume of the suspension is undercooled prior to nucleation. In the
absence of a dendritic skeleton dispersed throughout the suspension volume to structure
crystal growth after nucleation, an interfatial front is developed between the liquid and solid
phases. As heat is removed from the system, crystal growth progresses perpendicular to the
phase front [203]. The development and progression of the solidification front in directional
freeze-casting has been widely studied in ceramic systems and has been found to directly
influence the pore structure of the final freeze-cast material.
Deville et. al. 2007, identified three stages of ice growth in the formation of unidirectional
freeze-cast alumina structures: planar growth, columnar growth, and lamellar growth as
shown in Figure 2.11 [32]. Due to the physical nature of the ice-templating process these
evolutionary stages of crystal morphology during the freeze-casting are generalisable to
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most materials. Evidence of similar stages has been documented in ice-templated collagen
scaffolds [142].
Fig. 2.11 Final architecture of a freeze-cast alumina structure correlated to the evolutionary
phases of ice front morphology. Horizontal cross-sections further illustrate the solid liquid
interface morphology [32]
When the colloid is initially introduced to the cold finger, rapid ice growth occurs at a velocity
higher than the critical velocity for particle rejection. This causes a thin, dense isotropic
region (0-10 µm) to form where particles are trapped in the planar solidification front. Rapid
ice growth is not sustained as the latent heat, released by the crystal formation, and the
thermal mass of the liquid slurry, slows the freezing velocity to below the critical velocity and
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particles are rejected from the solidifying crystals. The rejected particles build up ahead of the
phase interface and locally pin the ice front, triggering a transition to a columnar ice front [32].
In the columnar stage, collagen particles are trapped between the ice crystals creating a
pattern across the surface. Differences in thermal conductivity between the material particles
and the solid phase mean that local temperature gradients arise. These thermal gradients, in
conjunction with latent heat released upon solidification, result in undulations in the freezing
front surface [174, 204]. A build up of rejected particles also causes a local increase in parti-
cle concentration just ahead of the freezing front, which decreases the melting temperature
of the colloid and creates a zone of constitutional supercooling ahead of the front [205]. The
result is rapid anisotropic crystal growth as shown in Figure 2.11.
The ice growth direction is dictated by two factors; firstly, the hexagonal crystal structure of
ice and secondly, the presence of a sufficiently high temperature gradient. Ice crystals have
a preferential growth direction, meaning that the crystal will grow 100 times faster in the
basal plane (a-, b-axis) than in the perpendicular direction (c-axis). The freezing process
is, therefore, more efficient for crystals that are oriented with their a-axis parallel to the
temperature gradient. This causes the columnar phase to transition to a lamellar phase. In the
lamellar phase, ice crystals with a-axes that align with the thermal gradient will grow at the
expense of crystals with alternative orientations, and ice propagation will occur upward as
vertical lamellar crystals with horizontal c-axes [32, 206].
Pore size The rate of freezing front progression and lamellar growth is correlated with
crystal size, and ultimately influences the pore sizes observed in the freeze-cast structure
[31, 32]. Efficient heat removal from the system results in a rapid freezing front velocity.
The fast freezing front velocity causes an increase in the concentration of rejected particles
ahead of the front resulting in an increase in constitutional supercooling ahead of the growing
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crystals [174]. As the crystals grow more rapidly in their preferential direction, growth on
the c-axis is increasingly limited, resulting in thinner lamellae. Conversely, as the crystal
growth slows there is more time for diffusion of particles, allowing coarser lamellae to form
[32].
A power–law relationship has been identified in the literature between the average lamellae
spacing l and freezing front velocity v where l µ v n and where n is specific to the freeze-
casting system [32, 185, 187, 207–210]. Deville et al. 2007 identified that the parameter n
was influenced by particle size, where 100 nm alumina particles produced n = 0.6, however,
when the particle sizes doubled the relationship increased to n = 1 [32].
Architectural control with collagen
Pore size In recent years, directional freeze-casting has been applied to the production of
large scale (>20 mm in height) freeze-cast collagen scaffolds. Pawelec et al 2017, explored
the relationship between freezing front velocity and final pore size of aligned 7.5 wt% colla-
gen scaffolds with and without the addition of hydroxyapatite and ethanol [142]. Pawelec
identified a power-law relationship of n = 0.85 for collagen suspensions in the presence
of ethanol, irrespective of hydroxyapatite addition. In the absence of ethanol, however, no
relationship was observed. Divakar et al 2019, explored the power-law relationship with a
2 wt% collagen suspension, however, no freezing front velocity was measured. Instead the
final scaffold pore size was correlated to the set cooling rate at the base of the mould. A
power law of n = 0.2 was identified [199].
Pore orientation The relationship between the temperature gradient and directional crystal
growth, has been further utilised to fabricate structures with bidirectional pore orientations.
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Studies have shown that by varying the size, shape and location of the heat sink within the
solidifying system pore orientation can be manipulated. Davidenko et al. 2012, established a
graded distribution of cooling power across the base of a 1 wt% collagen suspension [211].
In addition to a large vertical gradient greater than 35 oC, a lateral temperature difference
across the width of the suspension of greater than 10 oC was established. As a result, the
lamellar orientation of the resultant pore structure was bidirectional, angled in the direction
of the thermal gradient as shown in Figure 2.12a. Similarly, Pot et al. 2015, utilised a
graded distribution of cooling power at the base of a 7 wt% collagen suspension, however, a
comparatively small lateral temperature difference of less than 2 oC across the width of the
suspension was established [212]. The reduced lateral temperature difference relative to the
large vertical temperature difference measured to be greater than 20 oC was not found to be
sufficient to result in bidirectional lamellar orientation of the final freeze-cast scaffold [212].
The influence of the heat sink shape and location on pore orientation has also been explored.
Campbell et al. 2017, introduced a localised heat sink at the base of a 1 wt% collagen
suspension [213]. The sink had an inverted conical geometry and was located in the centre
of the slurry base. The resultant freeze-cast scaffold was found to have radial lamellar
orientation, where lamellar channels were observed to originate at the tip of the heat sink
cone and fan out throughout the scaffold volume as illustrated in Figure 2.12b [213]. Divakar
et al. 2019, reported moderate success in the production of radially aligned freeze-cast
structures. Collagen scaffolds (2 wt%) were cast in cylindrical moulds, where the wall and
base of the mould were designed to act as heat sinks. A radial structure with an inclined pore
morphology was reported for a set cooling rate of 1 oC min 1. It was observed, however,
that the structure was not conserved for all set thermal parameters, and that both rapid (10
oC min 1) and slow (0.1 oC min 1) set cooling rates resulted in reduced regularity in the
pore orientation [199]. The variations in structural regularity could be attributed to varying
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(a) (b)
Fig. 2.12 Manipulation of pore orientation (a) Bidirectionally aligned freeze-cast collagen
scaffold, 1.-4. show transversal cross sections, 5.-8. show longitudinal cross sections,
bidirectional lamellar orientation is evident in 5. where the wedge mould system resulted in
a large lateral thermal gradient component [211] (b) Radially aligned freeze-cast collagen
scaffold, 1. and 2. show reconstructed µCT images of transversal and horizontal planes of
the scaffold 3. shows an SEM micrograph of the transversal plane [213]
degrees of undercooling present within the system prior to nucleation, and/or poor control
over the thermal gradient magnitude and direction at the time of solidification. However,
further study is needed.
2.4.3 Post solidification crystal dynamics
Following solidification further remodelling can occur through surface and bulk molecular
diffusion. Three broad categories of molecular movement have been identified, namely attri-
tion, agglomeration, and Ostwald ripening [214]. Attrition is a mechanical process in which
ice crystals are broken down into smaller crystals [189]. Agglomeration is the process by
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which smaller particles fuse together, resulting in large particles; agglomeration is limited to
long time periods greater than one hour [191]. Oswald ripening is the growth of large crystals
at the expense of smaller ones. Within the literature this process is also commonly referred
to as recrystallisation and annealing. Oswald ripening results in macroscopic coarsening
of the ice structure and is driven by the reduction of both the chemical potential of small
radii and the inter-facial energy within the system [189, 215]. Attrition and agglomeration
processes can be avoided. Oswald ripening, however, is always observed to some degree
during freezing and post solidification at temperatures above the glass transition temperature.
2.4.4 Practical methods for control of solidification
Numerous methods have been developed to manipulate the physical process of freeze-casting,
and control the pore morphology, size and orientation of ice templated structures. The
techniques utilised in the literature can be divided into three main categories, and these are,
cooling method, mould design, and chemical/physical additives. Through the variation and
combination of these experimental parameters, an extensive tool-kit for structural control has
been compiled within the literature.
Cooling method
The cooling method influences the degree of undercooling prior to nucleation, as well as the
presence and orientation of thermal gradients within the suspension. To achieve isotropic
structures, cooling methods with low cooling rates and/or reduced thermal variability have
been developed. The most common method for producing ice-templated scaffolds with
equiaxed pore structures, is a shelf-ramping freeze drier or lyophiliser [117, 130, 216]. The
method is highly versatile, and allows both the set freezing temperature and the set cool-
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ing rate to be varied independently [216]. The insulated thermal environment within the
freeze-drier also enables an increase in thermal homogeneity within the suspension as it
cools which reduces the development of thermal gradients and enables the development of
isotropic structures. Although lyophilisation is the most popular method of isotropic structure
production, anisotropy has also been achieved. Pawelec et al. 2014 explored the effects of
filling height on final scaffold structure for 1 and 0.5 wt% collagen scaffolds frozen in a
freeze-drier [216]. It was found that the freeze-drier enabled homogenous cooling of samples
with filling heights between 5 and 15 mm, such that at the time of nucleation all parts of the
suspension had cooled below the melting temperature. However, a filling height of 20 mm
resulted in only part of the suspension cooling below the melting temperature at the time of
nucleation and anisotropy was observed at the top of resultant scaffold [216].
Similarly, cold baths can be used to produce both isotropic and anisotropic structures
[142, 212, 217]. Yuan et al. 2009 demonstrated that by varying the cooling rate of 3
wt% chitosan suspensions, the final pore morphology could be influenced [217]. It was
shown that a slow cooling rate of 0.83 oC min 1 resulted in uniform cooling throughout
the suspension with no significant thermal gradients. This resulted in an isotropic pore mor-
phology in the final ice-templated scaffold, irrespective of set bath temperature. Conversely,
large temperature differences across the cooling suspension were observed for quenching
protocols with fast cooling rates between 28 and 60 oC min 1. These protocols resulted in
crystal growth in the direction of the temperature gradient, and ultimately, an aligned pore
morphology [217].
The cooling methods to produce anisotropic structures have been developed to maintain and
control thermal gradients within the cooling suspension. Directional crystal growth is most
commonly achieved through the use of a controllable heat sink, either a cold bath [142, 212]
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or a cold finger [185, 199]. Most experiments described in the literature use a one-sided
freezing system in which the top of the mould remains exposed to the ambient environment
as shown in Figure 2.13a [188, 199, 207, 218, 219]. Divakar et al. 2019 utilised a single
cold finger to achieve directional solidification of 2 wt% collagen suspensions [199]. It was
observed that the vertical temperature difference established within the suspension due to the
heat sink at the base of the mould, provided by the cold finger, and the heat source at the top
of the mould, provided by the ambient environment, was sufficient to elicit directional crystal
growth and an aligned pore morphology. Further control of the thermal environment within
the suspension during directional solidification has been achieved through the application of
a two-sided cold finger set up. The main advantage of two-sided freeze-casting systems, in
which the bottom and top of the suspension are contacted by controlled heat sinks with inde-
pendently variable temperatures, is that the temperature gradient and freezing-front velocity
within the sample can be better controlled [187, 185]. Waschkies et al. 2009 demonstrated
that by programming the temperature at both the base and the top of a 30 vol% alumina
suspension, the vertical temperature difference across the suspension could be prescribed
and stabilised throughout the duration of the solidification process, ultimately leading to
increased pore size homogeneity in the final freeze-cast structure [185].
The cooling method has been shown to influence pore size uniformity in both isotropic
and anisotropic ice templating systems. It has been shown that rapid freezing rates result
in largely uniform pore sizes throughout the resultant structure. At reduced cooling rates,
however, pore sizes have been found to vary between the top and bottom of the final structure.
O’Brien et al. 2004 demonstrated that by increasing the cooling rate of a 0.5 wt% collagen
suspension from 0.6 to 0.9 oC min 1 pore sizes were found to decrease from 130 to 90 µm
and a reduction in the pore size coefficient of variance from 0.151 to 0.128 was reported [220].
It has further been documented that the suspension volume does not all cool at the same time
and that reduced cooling rates at the top of the suspension often lead to statistically significant
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(a) (b)
Fig. 2.13 Freezing set-up and scaffold pore structure (a) Schematic of a controllable one-
sided freezing system for directional freeze casting [188] (b) Pore structure of directionally
solidified 7.5 wt% collagen scaffolds with cooling rates of 0.03 oC min 1 (1.-3.), and 2
oC min 1 (4.-6.); 1. and 4. show µCT reconstructions and remaining images show SEM
micrographs; scale bars 200 µm. [142]
differences between the pore sizes measured at the base and the top of the scaffold [179, 221].
A similar result has been observed in directional freeze-casting systems. Pot et al. 2015
demonstrated that 2 wt% collagen suspension cooled rapidly via quenching at low temper-
atures of -196 and -78 oC produced scaffolds with homogenous pore sizes [212]. Pawelec
et al. 2017 also observed pore size uniformity in 7.5 wt% collagen scaffolds directionally
solidified with a set cooling rate of 2 oC min 1. When the cooling rate was reduced, however,
to 0.03 oC min 1 the resultant scaffolds were found to have significantly larger pore sizes
at the top of the structure, relative to the base as shown in Figure 2.13b [142]. These pore
size variations, resulting from both isotropic and anisotropic freeze-casting methods, can
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be attributed to the efficiency of heat removal afforded by the cooling method during the
solidification process and its consequent effect on crystal growth kinetics.
Mould design
In addition to cooling method, numerous variations in mould design have been developed to
influence the final pore architecture of freeze-cast scaffolds. Husmann et al. 2015 demon-
strated that the thermal environment within the suspension can be influenced by varying the
thermal conductivity of the mould geometry [193]. Mould designs have also been developed
to increase the homogeneity of the thermal environment within the suspension. In 2013,
Pawelec demonstrated that introducing an air gap between the base of the mould and the cold
source, while simultaneously introducing a thermally conductive sleeve around the walls of
the mould, resulted in increased pore size homogeneity for isotropic structures frozen at slow
cooling rates [179].
Anisotropic pore structures, on the other hand, have been produced in a freeze-drier environ-
ment by exaggerating thermal gradients within the cooling suspension. Davidenko et al. 2012
demonstrated that a mould with a thermally conductive shelf contacting base and thermally
insulating walls, will result in a vertically aligned pore structure in 1 wt% collagen scaffolds
[211]. Similar moulds are used outside the freeze-drier in conjunction with controllable heat
sink set-ups for directional freeze-casting [187, 199, 212].
2.4.5 Additives
In combination with mould design, additives are also used to influence the solidification
dynamics, and consequently the final structure of ice-templated materials. Additives can be
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used to affect both nucleation and crystal growth kinetics. Nucleation agents are used to
increase the probability of the occurrence of a nucleation event within a narrow temperature
range [222, 223]. Silver iodide (AgI) and Pseudomonas syringae are common nucleation
agents, however, a wide range of additives haven been used; from iron ore to river sand [222–
224]. Nucleation agents are effective via various mechanisms. AgI for example, has a crystal
structure that resembles ice and acts as a template for ice crystal formation. Conversely,
sand and iron ore introduce surface roughness that increase the number of sites available for
heterogeneous nucleation [222].
Additives are also effective during the crystal growth stage of solidification. They can
be used to affect the growth kinetics and crystal microstructure as well as the topology
of the solid-liquid interface. Additives influence several physical processes such as the
phase diagram of the solvent, the inter-facial energies of the solid/liquid and particle/liquid
boundaries, the degree of under-cooling ahead of the freezing front, the viscosity of the
solvent and the forces between ceramic particles in the suspension. Through manipulation of
these processes, several microstructural features can be altered including the thickness and
separations between pore walls, the roughness of the pore walls at multiple length scales,
and in anisotropic structures, the presence and density of bridges between lamellae [188, 225].
Through their influence on the interfacial energies, additives can be used to alter the final
architecture of freeze-cast structures from lamellar (e.g. no additive, trehalose or sucrose) to
cellular (e.g. gelatin, glycerol or a combination of sucrose and acid citric acid). Beyond the
overall architecture, additives can be used to modify the roughness of the pore walls. The
addition of sodium chloride (NaCl) has been shown to result in sharp faceted microstructure
due to the close proximity of the eutectic point to the melting point [188]. Conversely,
the addition of carbohydrates such as sucrose and/or trehalose results in a second glassy
phase between -40 and -50 oC. Structures prepared in the presence of these additives exhibit
2.4 Ice templating 47
rounded, smooth surface features [188]. Additionally, sucrose and trehalose modify the
interfacial energies and the degree of undercooling ahead of the solidification front. This
affects the morphology of the growing crystal, promoting homogenous growth of regularly
distributed dendrites into the pore wall surface. In contrast, addition of ethanol leads to
pocket-like dendrites across the pore walls [188]. The effect of additives on interfacial
tension and interparticle forces can lead to splitting and healing of crystal tips, resulting in
the encapsulation of particles and the formation of bridges between lamellae. Trehalose, for
example, has been found to promote a high density of thin bridges, while sucrose leads to a
low density of thick bridges for ceramic samples prepared with a cold finger cooling rate of




Fig. 2.14 Structural effects of additives (a) Scanning electron micrographs demonstrating the
effects of different additives on changing the structure from lamellar to cellular, as well as on
the surface roughness and density of bridges between lamellae in directionally freeze-cast
alumina structures a. sucrose and citric acid resulted in a cellular structure with very smooth
ceramic walls; b. ethanol resulted in a smooth roughness of the lamellar walls; c. sodium
chloride resulted in a sharp and rough lamellae surface; and d. sucrose resulted in a large
degree of bridging. Insets e.–h.: Details of the surface roughness of the lamellae. Scale bars:
a. 50 µm, b. 100 µm, c. 100 µm, d. 50 µm, e. 50 µm, f. 100 µm, g. 100 µm, h. 100 µm
[188] (b) Lamellar spacing (wavelength) versus time-to-freeze for 2-cm-tall samples with
different additives. Error bars represent the standard deviation [188] (c) SEM micrographs
taken of the transverse cross section of ice-templated yttria-stabilized zirconia scaffolds
without (A) and with (B-D) zirconium acetate addition [226]. Scale bars: A, B, D: 50 µm, C:
5 µm
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Despite the significant influence of additives on microstructural features of ice-templated
materials, the relationship between the pore size and the ice front kinetics has been found to
be largely independent of the additives, with the exception of ethanol which has been shown
to result in increased pore sizes [142, 188]. The underlying reasons for this behaviour are not
yet fully understood. It has been hypothesised, however, that the effect is a consequence of
the coexistence of a liquid and a solid crystal phase at low temperatures. Another exception
is the addition of zirconium acetate (ZrAc), which has recently been shown to inhibit planar
crystal growth along the a-b plane, resulting in hexagonal columnar crystals that result from
slow expansion along the c-axis [226–228]. The affects of additives are summarised in Table
2.1.
Complex architecture
Recently there has been a increased interest in producing ice-templated structures with
complex architecture. The application of unidirectional freezing, bidirectional freezing and
radial freezing, were discussed in section 2.4.2. In addition to the engineering of freeze cast
structures by controlling the thermal environment, external magnetic [232], electric [233],
and acoustic [234] fields can be used to further alter the solidification process [235].
Magnetic field aligned freeze-casting is used to fabricate anisotropic magnetic ceramic scaf-
folds with a hierarchy of architectural alignment in multiple directions. Nelson et al. 2020
used a weak rotating magnetic field, applied normal to the ice growth direction in a uniaxial
freezing apparatus, to achieve a long-range helical architecture in porous Fe3O4 scaffolds
[232]. The conformity of lamellar alignment to the orientation of the applied magnetic
field enables direct and specific control of macrostructural morphology. The technique,
however, is limited to structures composed of magnetic materials [235]. Electric fields have
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Table 2.1 Summary of structural affect of additives
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also been used to influence the final architecture of freeze-cast structures. The technique
imparts a temperature gradient, thus controlling the growth path of ice crystals. Electric
fields oriented perpendicular to the freezing direction have been shown to produce angled ice
crystal growth in an alumina suspension [233]. In contrast, applying electric fields parallel to
the solidification direction produces alumina scaffolds with bilayered dense/porous regions
[236]. Similarly, standing ultrasonic wave fields have also been shown to affect lamellar
architecture [234, 235]. The standing pressure wave that results from the acoustic radiation
force, drives particle movement to low pressure regions within the suspension. Ogden et al.
2019 applied the technique in the solidification of a titanium oxide (TiO2) suspension and
the resulting scaffolds exhibited a distribution of concentric rings with alternating dense and
porous morphologies [234].
Fig. 2.15 Schematics of freeze-casting architectural control techniques and corresponding
microstructures on the transverse plane of resulting scaffolds; A,B) unidirectional, C,D)
bidirectional, E,F) radial, G,H) magnetic, I,J) electric and K,L) ultrasound freeze casting
[235]
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Of further note, localised surface macrostructure can be dictated through patterning tech-
niques. Prior to freezing, patterning of the mould base has resulted in a corresponding pattern
present on the base surface of the resultant scaffold [150, 188]. Chen et al. 2016 used
ice-particulate patterning to establish a hierarchical honeycomb-like structure at the base of
freeze-cast collagen scaffolds [150]. The ice-particulate method can also be used to introduce
macro-scale porosity throughout the structure by suspending ice spheres in a super cooled
suspension prior to solidification, however, long range lamellar organisation is sacrificed
[150].
In addition to monolithic structures, macrostructures such as microspheres [237], fibers [238],
meshes [239] and other complex geometries [235] with porous microstructures, have been
achieved through the combination of freeze-casting with other processing techniques such
as electrospraying [240], electrospinning [241] or additive manufacturing [152]. Although
significant material and processing limitations have been reported [235], the increasing
volume of micro-structural and macro-structural control techniques for the freeze-casting
system is encouraging. There is, however, a lack of physically inherent and spatially specific
architectural control techniques for tissue engineering applications.
2.4.6 Functionalisation
Ice-templated scaffolds for tissue engineering are commonly made of natural polymers with
inherent bioactivity, such as type I collagen. Collagen scaffolds naturally have a diverse
array of signalling and binding motifs, that encourage cellular attachment and migration. The
biochemical and physio-mechanical composition of ice-templated scaffolds can be further
tailored through chemical functionalisation. Scaffolds can be decorated with therapeutic
drugs [36, 242], growth factors [243], signalling proteins/molecules [244] and/or structural
proteins [245, 246].
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It has been shown, that the natural degradation of collagen scaffolds can be used to enable
prolonged drug delivery and growth factor release. Mullen et al. 2010 evaluated the potential
of ice-templated collagen scaffolds loaded with insulin-like growth factor-1 as a controlled
delivery device. It was found that after an initial burst release within the first 24 hours the
scaffold provided a slow, sustained growth factor release was observed over 14 days [243].
Furthermore, functionalising scaffolds with signalling proteins can encourage tissue specific
cellular differentiation.
Incorporating growth factors and other biomimetic molecules into the scaffold systems is
commonly used to further induce differentiation. Collagen hydrogels with increasing amounts
of fibronectin encouraged increased outgrowth of stem cells and endothelial-like phenotyping
[247]. Similarly, additions of laminin have been shown to increase cardiac differentiation,
while the combination of fibronectin and laminin induce osteogenic differentiation [247, 248].
It has been further shown that incorporation of glycosaminoglycans (GAGs) with varying
levels of sulphation can influence cellular metabolic activity and gene expression [244].
The structural composition of ice-templated collagen scaffolds can also be influenced through
chemical functionalisation. Cross-linking with different concentrations of EDC (1-ethyl-3-
(3-dimethylaminopropyl-carbodiimide hydrochloride) and NHS (N-hydroxy-succinimide)
has been shown to influence mechanical strength and stiffness of the final structure [249].
Scaffold stiffness has been shown to affect cell differentiation [250], morphology [251] and
migration [252–254]. Increased mechanical stiffness has been shown to lead to increased
osteogenic expression, as high substrate elasticity and stiffness guide cells toward osteogenic
lineages [250]. Scaffolds with low stiffness, however, have been shown to better encourage
neural and myocyte lineages [250]. Increased cross linking in the past has reduced cellular
viability. Work done by Bax et al. 2016 [246] and Shepherd et al. 2017 [255] have, however,
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demonstrated that reduction in cross-linking percentage or incorporating fibrinogen into
ice-templated collagen scaffolds, can drastically improve cellular viability while maintaining
mechanical strength.
2.5 Summary
There is a need for the development of engineered cardiac tissue to facilitate regeneration
of functional myocardial tissue after infarct. Early translational success is motivating, but
clinical application has been limited in part by insufficient control over engineered tissue
architecture to replicate the native hierarchical features of the myocardium. Recent studies
have explored the influences of anisotropy on cardiac tissue engineering and have demon-
strated improved phenotypic and functional capacities. The influences of scaffold anisotropy
on tissue behaviour, however, has not yet been systematically studied and therefore the rela-
tionship is not fully understood. This is partly due to the limitations in scaffold fabrication
capacities.
Numerous fabrication methods have been explored, however, further research is needed to
develop a biomaterial scaffold with controlled architecture at multiple length scales. Ice-
templated collagen scaffolds have shown significant translational success. Collagen, as a
natural biopolymer, encourages cellular migration, proliferation and attachment, as well
as provides ample opportunity for functionalisation. Collagen scaffolds fabricated through
ice-templating are characterized by open interconnected porous morphologies with hier-
archical features at the nano-scale and micro-scale. The surface features that result from
ice-templating have been found to encourage cellular attachment and integration into the
engineered scaffold, while the macro-scale porosity enable efficient nutrient waste transport.
Various techniques have been developed to manipulate and control the freeze-casting process
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and, consequently, the final architectural structure of resultant scaffolds. Control techniques
for features such as pore size, pore shape, surface roughness and interconnectivity have been
well established. However, to date, complex architectural control over macro-scale pore
structure remains a significant challenge.

Chapter 3
Collagen scaffold production and
performance characterization
The majority of work reported on ice-templated collagen scaffolds utilise a cold shelf
freeze drier to control the set temperature [117, 130, 216]. While thermal parameters
can be programmed, the freeze drier setup often has a limited temperature range and the
closed insulated environment limits the independence of thermal and spatial variables during
solidification as well as physical access to the sample. For directional solidification, the use
of a programmable cold finger circumvents these limitations. Solidification on a cold finger
enables direct access to the sample for monitoring and manipulation purposes while also
decoupling the thermal and spatial variables such that complex thermal environments can be
induced. This chapter details the design and fabrication of a bespoke freezing apparatus to
enable improved control over the directional solidification process. The basic methods for
producing and analysing collagen scaffolds are also presented, and these methods are used
throughout the remainder of this thesis.
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3.1 Collagen scaffold production
3.1.1 Freezing equipment design and construction
Controlled directional ice propagation was achieved through the utilisation of a bespoke
freezing apparatus. The rig was designed to directionally freeze large scale (2 cm diameter 3
cm height) collagen suspensions by creating and maintaining a temperature gradient between
the top and bottom of the suspension. The apparatus designed and utilised in this work was
modelled after the single cold finger device used by Deville et al. 2006 [187, 207].
The controllable heat sink and mould system are depicted in Figure 3.1a and the dimensions
of the freezing apparatus are summarized in Figure 3.1b. The cooling bath was constructed
of rolled steel (cut and welded to specification) and was contained within an insulating
polystyrene box. The cold finger system was cooled by liquid nitrogen. Due to the high
volatility of liquid nitrogen, a buffer bath of 95% ethanol was designed around the cold finger
to provide sustained cooling power after nitrogen evaporation. The temperature at the top of
the cold finger was controlled via a proportional–integral–derivative (PID) controller made
by Eurotheum 2400 connected to a 20 V ring heater.
Custom moulds were designed to interface directly with the top of the cold finger. Copper
was chosen as the material of both the cold finger and the mould base because of its high
thermal conductivity. A uniform thermal profile across the suspension was achieved through
the utilization of polycarbonate for the mould walls. Polycarbonate has a similar thermal
diffusivity (0.144 mm2 s 1) to that of water (0.143 mm2 s 1) [256]. The copper base of
the mould was enamelled with a thin layer of RS Black Epoxy Potting Compound to; i)
bond the mould walls to the mould base; and ii) protect the collagen suspension from copper
contamination. A high vertical temperature difference was achieved by exposing the top of
the mould to the ambient environment.
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A second freezing apparatus was designed to scale up production of collagen scaffolds. The
second freezing apparatus was designed to provide four individually controllable freezing
interfaces and had dimensions summarised in Figures 3.1c and 3.1d. Each interface was
controlled with an OMEGA CN32PT-304 PID controller interfaced with Platinum software.





Fig. 3.1 Controlled freezing setup (a) and (b) original freezing apparatus (a) schematic of
the setup A. cooling bath with liquid nitrogen (outer compartment) and ethanol buffer (inner
compartment) B. PID temperature controller C. ring heater that regulates the temperature at
the top of the cold finger D. mould E. vertical temperature gradient within the mould F. the
collagen slurry G. solidification front in plane with the mould base (b) the dimensions of the
original freezing apparatus (c) and (d) the second freezing apparatus dimensions (c) from a
cross sectional side view and (d) top view (e) an image of the second freezing apparatus in
use
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3.1.2 Collagen scaffold production
A 1 wt% suspension of insoluble type I bovine dermal collagen (Devro) was prepared in a
0.05 M acetic acid solution (Sigma-Aldrich UK). The collagen was left to swell in solution at
4 oC for 24 hours prior to blending at 22,000 rpms for 6 minutes. Gas was then removed from
solution using a vacuum chamber (VirTis SP Scientific Wizard 2.0) ramped from 750 torr to
2000 mtorr over 10 minutes. The slurry was allowed to equilibrate to room temperature (25
oC).
Isotropic
Collagen slurry was pipetted into standard 24-well plates (Corning, NY, USA), 2 mL per
well (8 mm filling height). Well plates were placed on a teflon block (10 mm thickness) and
frozen in a freeze drier (VirTis SP Scientific Wizard 2.0), shelf temperature -30 oC for 3
hours.
Aligned
Collagen slurry (9 ml) was pipetted into cylindrical polycarbonate moulds (20 mm internal
diameter, 10 mm wall thickness, 30 mm height) bonded with RS black epoxy potting
compound to a copper base (40 mm diameter, 2 mm thickness) as shown in Figure 3.1a. The
mould was loaded onto the PID temperature controlled cold finger described in Section 3.1.1.
The top of the mould was exposed to the ambient environment.
Lyophilisation
Once freezing was completed the mould was removed from the cold finger and immediately
placed onto a cold freeze drier shelf (-30 oC) (VirTis SP Scientific Wizard 2.0) to avoid any
melting. The scaffolds were dried at 0 oC under a vacuum of less than 100 mtorr for 20
hours.
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Cross-Linking
Cross-linking was carried out using an EDC/NHS (1-ethyl-3-(3–dimethylaminopropyl) carbo-
diimide N-hydroxysuccinimide) chemistry (both reagents from Fisher Scientific). A molar
ratio of 5:2:1 EDC:NHS:COOH groups in collagen has been identified as the standard 100%
cross linking regimen [246, 255, 257]. Varied percentages of the standard e.g. 30% (15:6:10
EDC:NHS:COOH), were used to cross link the scaffolds in this thesis. Cross-linking reagents
were dissolved in 95% ethanol and scaffolds were soaked for 2 hours within the mould. Scaf-
folds were washed (5 x 5 min) with deionised water.
After cross-linking, scaffolds were freeze dried (VirTis SP Scientific Wizard 2.0) a second
time with a cooling rate of 0.2 o C min 1 to a primary freezing temperature of -20 oC. Drying
occurred at 0 oC under a vacuum of less than 100 mtorr for 20 hours.
3.2 Collagen scaffold characterization
3.2.1 Thermal freezing profile
Temperature data was collected with k-type thermocouples at 4 second intervals. Thermo-
couples were adhered to the internal wall of the mould. Data was collected with an Omega
RDXL6SD-USB data logger. All thermal profiles were visualised in MATLAB R2020a.
3.2.2 Imaging
X-ray micro-computed tomography (µCT) images (Skyscan 1172) were taken of each com-
plete scaffold with a voltage of 25 kV, current of 138 µA and a pixel size of 5.46 µm.
Reconstructions of µCT images were performed with NRecon software by Skyscan.
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Scanning electron microscopy micrographs were taken of scaffolds. Prior to imaging, colla-
gen scaffolds were sputter coated with gold for 2 min at a current of 20 mA. All micrographs
were taken using a JEOL 820, with a tungsten source, operated at 10 kV.
3.2.3 Pore size
Quantitative pore size analysis was completed on regions of interest of 2.5 x 2.5 x 6.5 mm3
from each region of the final reconstructed µCT image as shown in Figure 3.2. ImageJ
software was used to binarise and watershed each of the nine sections and particle analysis
was employed to compile pore size data. The pore sizes were analysed and visualised in
MATLAB R2020a.
Fig. 3.2 Region of interest designations for freeze dried collagen scaffolds A. were analysed
in nine regions of interest B. Pore size analysis was conducted on sequential slices along
the x,y plane D. for each region of interest. Alignment quantification was conducted on
sequential slices along the x,z plane C. for each region of interest.
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3.2.4 Alignment
Fast Fourier Transforms were used to asses pore alignment according to the method laid out
by Ayres et. al 2008 [258]. The µCT image stacks of the regions of interest shown in Figure
3.2 were sliced along the xz-axis (longitudinal plane) and 2D fast Fourier transform analysis
was performed in ImageJ. Radial sums of the resultant transform were collected and pixel
intensity for each radial direction was normalised by the minimum to enable comparison
between samples. The normalised intensity profiles were plotted in MATLAB R2020a to
show the degree of alignment for each radial direction. Here, the degree of preferential
alignment was termed eAOP and utilised to compare between samples.
3.2.5 Pore Orientation
Fourier Transform analysis via the Directionality plug in for ImageJ was used to assess the
lamellar orientation of resulting collagen scaffolds. Directionality histograms were calculated
for each slice in the xz-axis (longitudinal plane) for each volume of interest shown in Figure
3.2. The mean lamellar direction and standard deviation were calculated for each volume of
interest with Matlab R2020a.
3.2.6 Digital image correlation and strain analysis
Strain analysis was performed with Ncorr digital image correlation software run on Mat-
labR2020a. The reference image was redefined during diastole after each beat. The Green-
Lagrange strain tensor was exported, and the principal strains were calculated through
diagonalisation in MatlabR2020a. The principal strain calculation and physical representa-
tion can be seen in Figure 3.3.
3.2 Collagen scaffold characterization 65
Fig. 3.3 Component strain calculations. left Shows the symmetric strain matrix with indicated
undeformed (opaque) and deformed (translucent) unit square. middle Shows the deformation




The influence of thermal parameters on
pore size and alignment
4.1 Introduction
Many tissues and organs display inhomogeneous and anisotropic structure. The anisotropy of
native tissue contributes to specific function as the extracellular structure plays an important
role in cellular response, phenotype, and adherence [110, 128, 247]. For this reason, there is
great interest in developing tissue engineered scaffolds for regenerative medical application
that mimic the ordered hierarchical structure of native tissue. Scaffold porosity and pore size
has been shown to play a large role in supporting targeted cellular differentiation, orientation,
and function. The pore size determines the availability of ligand binding sites. Pores need to
be large enough to allow cellular migration within the construct. Pore sizes, however, also
need to be small enough to establish a sufficiently high specific surface area, and a minimal
ligand density for the binding of a critical number of cells within the scaffold [4, 259, 260].
Different cell types have varying pore size requirements. For example, while 100 µm pore
diameter is optimal for cardiomyocyte function [261, 262], nerve cells require far smaller
pores between 5 and 30 µm [263, 264]. It has been further shown that graded pore sizes can
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be favourable for bone regeneration and interface tissue [261, 265–267]. Similarly, specific
regenerative functions are influenced by pore size [4]. Sufficient porosity is required for the
diffusion of nutrients into the scaffold and the removal of cellular waste products. While
some studies have stated that pore sizes larger than 300 µm are necessary for vascularisation
[146–148], excessive pore size may hinder vessel formation due to an inability of endothelial
cells to bridge across the structural gap [268]. The specificity of pore size requirements for
various tissue engineering applications demands a comprehensive and detailed understanding
of the processing parameters that dictate pore size in the production of freeze cast scaffolds.
To date, the literature around freeze-cast collagen scaffolds has been split into two sectors per-
taining to the production and control of isotropic and aligned structures. As discussed in Sec-
tion 2.4.2, Pawelec et. al 2014 [179] introduced a universal parameter for the control of pore
sizes in isotropic ice templated structures. In contrast, anisotropic freeze-casting pore sizes
are controlled by the freezing front velocity induced during solidification [32, 142, 174, 185].
The great majority of work on understanding the anisotropic freeze casting system has con-
cerned high concentration ceramics [32, 185, 188, 269]. Ice-templating is a largely physical
process and, therefore, insights from studies in ceramic systems can be applied to the freezing
of low concentration polymer suspensions, however, post solidification processing procedures
such as sintering complicates direct comparisons. In recent years, researchers have introduced
the technique to the production of ice templated polymer scaffolds for regenerative medical
application. Two main procedures have been adopted to create anisotropic structures. The
first is freezing with a constant set temperature at the base of the mould [151, 212, 218].
The second is freezing with a linearly decreasing set temperature at the base of the mould
[142, 199].
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Waschkies et al. 2009 [185] compared the freezing front progression of an alumina colloid
for a single heat sink at the base of the mould held at a constant temperature and a dual heat
sink set-up with linearly reduced temperatures programmed at both the top and bottom of the
mould. It was found that using the constant base protocol, the freezing front velocity reduced
as the front progressed away from the heat sink. However, a dual cold finger set-up with
linearly decreasing temperatures linearised the freezing front progression. Significant differ-
ences between the final structures produced under each protocol were identified. The pore
size and uniformity were found to be better controlled by the linearly decreasing temperature
profile [185].
This chapter explores the relationship between freezing protocol and final structure for
ice-templating with low wt% polymer suspensions. The constant base temperature and
linearly decreasing base temperature protocols are compared. The resulting freezing front
velocities, pore sizes, and alignment are used to characterise the fundamental differences
between the two techniques, identifying the strengths and weaknesses of each approach and
contextualising the results in the field of ice-templating.
4.2 Experimental methods
The basic methods for scaffold production and characterisation, discussed in Chapter 3 were
followed unless otherwise stated. While the set freezing protocol varied, filling volume
remained constant at 9 ml 1 wt% collagen suspension.
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4.2.1 Scaffold production
Directional freezing of the collagen slurry was executed with the freezing apparatus pre-
sented in Section 3.1.1. A 1 wt% collagen suspension was prepared according to the protocol
specified in Section 3.1.2. Two freezing protocols were executed; the base of the mould was
either set i) to hold at a constant temperature (dTB/dt = 0), or ii) to decrease at a constant
rate (dTB/dt = k) where k is constant. The experimental set up is summarised in Figure 4.1.
Fig. 4.1 Directional freeze-casting set-up illustrating the directional temperature gradient and
the varied set thermal profiles at the base of the mould
i) The temperature at the base of the mould was held at a constant temperature (TB). Five
conditions were tested -10, -20, -30, -50, and -80 oC. For each condition, the cold finger
temperature was stabilised prior to mould introduction and held constant for the duration of
the freezing process.
ii) The temperature at the base of the mould was programmed to decrease at a constant rate
(dTB/dt) after mould introduction. The heat sink temperature was initially stabilised at -10
oC and held for 1 minute. The temperature was reduced at a constant rate for the duration of
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the freezing process. Five rates were tested, namely -0.2, -0.5, -1, -3, and -5 oC min 1.
Once freezing was completed, scaffolds were dried according to the protocol presented in
Section 3.1.2.
4.2.2 Freezing time comparison between pure water and collagen sus-
pension
The time until complete solidification (termed "freezing time") was recorded for the direc-
tional freeze casting of both D.I. water and 1 wt% collagen suspension prepared as described
in Section 3.1.2. The freezing apparatus described in Section 3.1.1 was programmed to have
a constant base temperature of -60oC.
4.2.3 Measurement of solidification font progression
Temperature data were collected during the freezing process for each protocol to ensure that
a vertical temperature gradient within the mould was achieved. Thermocouples (k-type)
were placed at a height of 0 and 26 mm within the mould (total height 30mm). Temperature
readings were taken at 4 second intervals during freezing.
Time-lapse footage was taken of the solidification progression for each experimental condi-
tion. Cylindrical polycarbonate moulds were filled with 9 ml of water. Water was chosen
instead of the collagen suspension because both liquids have comparable thermal and solidi-
fication properties. The visual contrast, however, between pure ice and water is higher than
between solidified and liquid collagen slurry [179, 193, 270]. The freezing progression was
imaged at 10 second intervals with a GoPro Hero 5 camera as shown in Figure 4.2 for each
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of the freezing protocols described in Section 4.2.1.
Time lapse footage was binarised with ImageJ software and the freezing front position and
velocity were analysed with MATLAB R2020a.
Fig. 4.2 Time-lapse tracking set up (a) images were taken of the ice propagation process
at 10 second intervals. Shown is the binarised freezing front (white) progression every 5
minutes under the TB = 30oC condition.
4.2.4 Structural characterisation
Qualitative pore size distributions were assessed via CTVox colour scale display. A 0.5 x 1
x 15 mm rectangular region of interest was selected across the middle of the scaffold and
binarised in CTAN software via Otsu thresholding. The binary image was rendered in three
dimentions in the CTVox software and the pores were colour coded according to size for
visual assessment of relative pore size variation.
Quantitative pore alignment and pore size analysis was carried out as described in Sections
3.2.4 and 3.2.3 respectively.
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4.2.5 Analysis
A minimum of three separate trials of each freezing condition were executed for both collagen
scaffold production and freezing front progression analysis to ensure reproducibility.
4.3 Characterization of the solidification process
The solidification process was characterised. Time dependent temperature readings were
recorded to verify the presence of a temperature gradient across the height of the suspension.
The corresponding ice front progression behaviour was measured for each freezing condition
and the freezing front velocity profiles were calculated. The solidification characteristics are
later used to explain observed structural differences of resultant collagen scaffold for varying
solidification conditions.
4.3.1 Freezing time comparison between pure water and collagen sus-
pension
To enable a comparison between structural and freezing front data the freezing times of a 1
wt% collagen suspension and D.I. water were compared for solidification with a constant
base temperature of -60 oC. No significant difference between freezing times observed as
shown in Figure 4.3.
4.3.2 Influence of thermal parameters on solidification
Temperature readings taken from the bottom and top of the slurry during the freezing process
are shown in Figure 4.4 for both a constant base temperature protocol (TB =-10 oC shown
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Fig. 4.3 The freezing times of D.I. water (N=4) and a 1 wt% collagen suspension (N=3),
error bars show standard error
in Figure 4.4a) and a linearly decreasing base temperature protocol (dTB/dt=-0.2 oC min 1
shown in Figure 4.4b). The slowest freezing conditions were selected for each freezing pro-
tocol to illustrate the minimum difference in temperature between the bottom and top of the
slurry. While both freezing protocols produced significant vertical temperature differences,
the linearly decreasing base protocol achieved a more stable temperature difference across
the height of the slurry for the duration of the freezing process as seen in Figure 4.4c.
(a) (b) (c)
Fig. 4.4 Temperate profile during slurry solidification. (a) constant base temperature (TB=-10
oC). (b) linearly decreasing base temperature (dTB/dt=-0.2 oC) (c) vertical temperature
difference for each protocol
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Freezing Front Progression
The freezing protocol was found to significantly influence the freezing front progression. The
constant base temperature protocol resulted in a nonconstant freezing front progression curve,
such that, the freezing front initially progressed rapidly for approximately 200 seconds and
subsequently slowed for the remainder of the solidification process for all base temperature
conditions as shown in Figure 4.5a. It was found that the freezing front position curve
amplitude was negatively correlated to the base temperature. The TB =-80 oC protocol was
found to freeze the fastest in 1070 seconds, while the TB =-10 oC protocol had the slowest
freezing time of 5830 seconds.
The rate of freezing for the constant temperature base condition was initially high and then
found to rapidly reduce and gradually approach zero until solidification was complete as
shown in Figure 4.5c. The average freezing front velocity was found to increase as the set
base temperature decreased as shown in Figure 4.5c.
The linearly decreased base temperature condition resulted in a more linear front progression
curve. The rate of cooling was found to be positively correlated with the rate of freezing
front progression as shown in Figure 4.5b. The dTB/dt = 5 oC min 1 condition had the
shortest freezing time of 980 seconds while the dTB/dt = 0.2 oC min 1 had the longest
freezing time of 4540 seconds. It followed that the freezing front velocities observed for the
linearly decreasing base temperature protocols were more constant than those of the constant
base temperature protocol. Furthermore, the rate of temperature reduction was positively
correlated with the freezing front velocity as shown in Figure 4.5d.
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(a) (b)
(c) (d)
Fig. 4.5 Freezing front progression and velocity for different freezing protocols. The freezing
front position over time for (a) the constant base temperature condition and (b) the linearly
decreasing base temperature conditions. The freezing front velocity over time for (c) the
constant base temperature condition and (d) the linearly decreasing base temperatures condi-
tion. Experimental repeats for the constant base temperatures TB =-10, -20, -30, -50, and -80:
N=3, N=4, N=4, N=4, N=3 respectively; and linearly decreasing base temperature dTb/dt =
-0.2, -0.5, -1, -3, and -5: N=3, N=3, N=4, N=3, N=3 respectively
4.4 Collagen scaffold architectural results
Reconstructed µCT images were used to asses the final scaffold architecture. The final
pore architecture was characterised by pore size, defined as the diameter of the lamellar
channels observed on the xy-plane (transverse) and the degree of lamellar alignment in the
xz-plane (longitudinal). Figures 4.6a and 4.6b display the resultant lamellar architecture
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for each freezing condition of the constant base temperature and linearly decreasing base
temperature protocols respectively. All scaffolds had significant lamellar alignment in the
xz-plane. The pore structures in the xy-plane display honey-comb like features, signifying
that plate formation during freezing was avoided. It was observed that for both protocols
variations in the base temperature influenced the pore sizes of the final scaffold as shown in
Figure 4.6.
4.4.1 Degree of alignment
Fast Fourier transform analysis of µCT images from each scaffold were used to assess
the degree of alignment achieved by each directional freezing condition. Figures 4.7a
and 4.7b show that all scaffolds were aligned throughout the structure, irrespective of the
base temperature protocol. It was found, however, that scaffolds produced with a linearly
decreasing base temperature protocol were more consistently aligned, with an average eAOP
of 0.52±0.07, than scaffolds produced with a constant base temperature, with an average
eAOP of 0.45±0.09. The quality of structural alignment was found to be sensitive to the
constant base temperature protocol. The set freezing temperature was found to have a
negative correlation with alignment quality, such that the set base temperature of -10 oC
produced the most aligned structure with an eAOP of 0.57±0.14 while the set base temperature
of -80 oC resulted in the least aligned structure with an eAOP of 0.36±0.07. Conversely, for
the linearly decreasing base protocol the quality of structural alignment had little variation
across all freezing rates, with only the 0.2 oC min 1 protocol resulting in significant increase
in alignment quality. Fourier analysis also revealed the direction of lamellar alignment. It
was observed that lamellae were aligned perpendicular to the base of the mould and parallel
to the induced temperature gradient for all freezing conditions as shown in Figure 4.7.
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(a)
(b)
Fig. 4.6 The reconstructed µCT images of collagen scaffolds produced with (a) a constant
base temperature and (b) a linearly decreasing base temperature protocol. For both (a) and
(b) transverse cross sections of the pore structure at the base of the mould are depicted on the
bottom, longitudinal cross sections are depicted in the middle and transverse cross sections
of the pore structure at the top of the mould are depicted on the top. All scale bars are 500
µm
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(a) (b)
Fig. 4.7 Fast Fourier transform analysis of µCT slices along the xz-plane of each scaffold.
Pixel intensity is plotted against orientation angle inserts display the maximum alignment
value (eAOP) for each freezing condition (a) constant base temperature, * indicates statistical
significance from the -80 oC condition, ** indicates statistical significance from both the
-80 oC and -30 oC conditions (b) linearly decreasing base temperature, * indicates statistical
significance from the -5 oC min 1 condition. Experimental repeats for the constant base
temperatures TB =-10, -20, -30, -50, and -80: N=3, N=3, N=3, N=3, N=3 respectively; and
linearly decreasing base temperature dTb/dt = -0.2, -0.5, -1, -3, and -5: N=3, N=3, N=3,
N=3, N=3 respectively
4.4.2 Influence of thermal parameters on mean pore size
Variations in both the constant base temperature protocol and the linearly decreasing base
temperature protocol were found to influence the pore size of the resultant collagen scaffold.
For the constant base temperature protocol it was found that the temperature of the cold
finger was positively correlated with the pore size as shown in Figure 4.8a. Similarly, for the
linearly decreasing base temperature protocol, the rate of cooling, dTB/dt influenced the final
pore sizes as shown in Figure 4.8b. While both freezing protocols achieved a similar range of
final pore sizes, the average pore size was more sensitive to changes in the linearly decreasing
base temperature protocol than to changes in the constant base temperature protocol.
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(a) (b)
Fig. 4.8 Pore size probability distributions for different freezing conditions. The mean
and mode are shown on each distribution by a ‘x’ and ‘o’ respectively. (a) The pore size
distributions for scaffolds produced under constant base temperature conditions. (b) displays
the pore size distribution for scaffolds produced with a linearly decreasing temperature profile.
Experimental repeats for the constant base temperatures TB =-10, -20, -30, -50, and -80:
N=3, N=3, N=3, N=3, N=3 respectively; and linearly decreasing base temperature dTb/dt =
-0.2, -0.5, -1, -3, and -5: N=3, N=3, N=3, N=3, N=3 respectively
4.4.3 Influence of thermal parameters on structural uniformity along
the freezing direction
The pore size uniformity of the final collagen scaffolds varied significantly depending on
the freezing protocol. Figure 4.9 displays longitudinal pore size representations of rapid
freezing conditions (TB = 80 oC and dTB/dt = 5 oC min 1) and slow freezing conditions
(TB =  10 oC and dTB/dt =  0.2 oC min 1) and highlights variations in intra-scaffold
pore size uniformity. Both the TB =  80 oC and the dTB/dt =  5 oC min 1 conditions
produced uniform structures as shown in Figures 4.9a and 4.9b respectively. Sow freezing
rates, however, resulted in structural differences between freezing protocols. The structure
frozen with TB =  10 oC displayed a large range of pore sizes across the height of the
structure, with lamellar coarsening observed towards the top of the scaffold as shown in
Figure 4.9c. Conversely, the dTB/dt = 0.2 oC min 1 structure displays increased pore size
uniformity as shown in Figure 4.9d.
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(a) (b) (c) (d)
Fig. 4.9 Reconstructed µCT data taken from the middle of the scaffolds created under varied
freezing conditions. Colours refer to pore size. (a) and (c) display resultant structures from
a constant base temperature protocol (a) TB=-80 o and (c) TB=-10 o, (b) and (d) display the
resultant architecture of the linearly decreasing base temperature protocols (b) dTB/dt =-5
oC min 1 and (d) dTB/dt =-0.2 oC min 1.
Intra-scaffold structural uniformity was further assessed through comparison of the mean
pore sizes observed at the top and the bottom of resultant collagen scaffolds for each condi-
tion. For rapid freezing conditions, little difference between regional pore sizes was observed.
As freezing times increased, however, it was found that pore size uniformity was influenced
by freezing protocol. While both protocols produced a positive correlation between the mean
pore size of the total scaffold, the scaffolds resulting from the constant base temperature
protocol displayed increased variability in pore sizes between the bottom and top as shown
in Figure 4.10a. In contrast, the linearly decreasing base temperature protocol resulted in
improved structural uniformity for conditions with longer freezing times as shown in Figure
4.10b. Both protocols resulted in a positive correlation between the mean pore size of the final
scaffolds and the average pore size difference between the top and bottom of the scaffold as
shown in Figure 4.10c. The constant temperature base protocol, however, resulted in signifi-
cantly larger pore size differences across the height of the scaffold as freezing times increased.
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Fig. 4.10 Intra-scaffold pore size variation was assessed for each condition(a) constant base
temperature freezing protocol and (b) linearly decreasing base temperature freezing protocol.
Protocols were compared by visualising (c) the intra-scaffold pore size variation against the
mean pore size of the whole scaffold.
4.5 Discussion
The influence of freezing protocol on the final architecture of large freeze-cast collagen
scaffolds was explored. Two protocol types were compared. One being freezing with a
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constant base temperature and the other being freezing with a linearly decreasing base tem-
perature. Both cooling regimes resulted in significant vertical temperature gradients within
the suspension and, consequently, a unidirectional pore structure with lamellae alignment
perpendicular to the base of the mould. Each protocol, however, resulted in distinct freezing
front progression profiles. Variations in each protocol were found to strongly influence the
pore sizes of final collagen scaffolds. The linearly decreasing base temperature resulted in
significantly increased control in final pore size as well as structure uniformity. In contrast,
the constant temperature base protocol resulted in scaffolds with graded pore sizes that
increased in size from the bottom to top of the scaffold.
The distinct pore compositions of each protocol can be linked to the fundamental process of
ice formation and the thermodynamics of ice propagation during the freeze casting process.
Specifically, both the freezing front velocity and the presence of a thermal gradient have been
shown to have a significant influence on the final pore architecture of directional freeze-cast
structures [32, 142, 207, 185]. These control mechanisms can be further explained by explor-
ing the parameters that influence the thermodynamic process of ice growth.
4.5.1 Controlling the freezing front kinetics
Significant differences in freezing front progression behaviour was observed between the
two freezing protocols presented. The constant base temperature protocol resulted in a loga-
rithmic shaped freezing front progression curve with initially high freezing front velocities
that rapidly reduced and slowly approached zero until the solidification was complete. On
the other hand, the linearly decreasing base temperature protocol resulted in largely linear
freezing front progression curves with increased stability in the freezing front velocity. These
differences can be attributed to the efficiency of heat removal through the base of the mould
for each protocol.
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As the freezing front progresses away from the heat sink the efficiency of heat removal
decreases proportionally. This is due to the insulating properties of the ice growing between
the freezing front and the heat sink. Therefore, for the constant base temperature protocol,
the heat sink efficiency will reduce as the front progresses causing the freezing front velocity
to reduce over time, resulting in the progression curves observed in Figure 4.5a. For linearly
decreasing base temperature conditions, the reduction in heat sink efficiency caused by the
progression of the freezing front away from the heat sink is offset by reduction of the set
temperature overtime. The consistent increase in cooling power therefore, dictates the rate of
freezing front progression during the solidification process resulting in distinct freezing front
velocities for each rate of cooling as shown in Figure 4.5d.
4.5.2 Pore alignment and orientation
It has been shown that a sufficiently high temperature gradient will dictate lamellar growth
direction in ice templated collagen systems [142]. It was found that both the constant base
temperature and the linearly decreasing base temperature protocols produced significant
vertical thermal gradients within the suspension. The observed temperature difference shown
in Figure 4.4c was established via continued heat removal from the base of the mould and
convective heating from the ambient air at the top of the mould. The temperature difference
observed for the linearly decreasing base temperature protocol was more consistent through-
out the freezing process. This can be attributed to a continued increase in cooling power to
offset the reduction in heat removal efficiency as the freezing front progressed away from the
mould base. Despite the discrepancies in gradient amplitude for the two protocols, it was
expected that the thermal gradients produced for both conditions would be sufficiently high
to result in vertical lamellae alignment of the final collagen scaffold.
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While the relationship between vertical temperature gradients and longitudinal lamellar align-
ment has been documented, to date little has been done to quantify the observed alignment.
Fourier transform analysis was used to measure the degree of lamellar alignment for both
the constant base temperature and the linearly decreasing base temperature protocols. The
parameter eAOP was adapted from the work of Ayres et al. 2008 to illustrate the degree to
which the lamella are aligned [258]. Furthermore, the x-axis location of the primary pixel
intensity peak describes the orientation of lamellar alignment.
While all scaffolds were found to be aligned perpendicularly to the mould base throughout
the structure as shown in Figure 4.7, the freezing protocol was found to influence the degree
of pore alignment observed in the final scaffold. Slow freezing protocols were found to
result in significantly increased pore alignment for both the constant and linearly decreasing
base protocols. It was also found that the linearly decreasing base protocols resulted in
more consistent alignment for each freezing condition. This result can be attributed to the
improved stability in the vertical temperature difference during solidification facilitated by
the linearly decreasing base temperature protocol as shown in Figure 4.4c.
4.5.3 Pore size
The pore sizes of freeze-cast collagen scaffolds were influenced by both freezing protocols.
The linearly decreasing base temperature regimen, however, provided more specific control
of the average pore size as shown in Figure 4.8. Additionally, the linearly decreasing base
temperature protocol resulted in less variability in pore size across the final scaffold as shown
in Figure 4.10. This result was caused by the differences in freezing front velocity profiles
for the two protocols. As previously discussed in Section 4.5.1, the linearly decreasing base
temperature protocol resulted in more constant freezing front velocities that were distinct
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for each condition whereas the constant base temperature protocol resulted in nonconstant
freezing front velocities that varied drastically during the course of freezing as shown in
Figures 4.5c and 4.5d.
Variability in freezing front velocity will allow for different degrees of lamellar coarsening to
occur in different regions of the final collagen scaffold, resulting in a structure with a large
degree of pore size variation as illustrated in Figure 4.11a. Specifically, the pore sizes at the
bottom of the structures produced with a constant base temperature protocol were observed
to be finer than those produced at the top of the structure. This follows from the shape of
the freezing front velocity curves. For all of the constant base temperature conditions, the
freezing front velocity was high during initial freezing and rapidly reduce over time as shown
in Figure 4.2. This pattern of freezing allows for increased horizontal crystal expansion
during the later stages of solidification and subsequently a final scaffold architecture with
larger pore sizes at the top of the structure as observed in Figure 4.10.
The linearly decreasing base temperature protocol was shown to produce more stable freezing
front velocities during the solidification process due to the more consistent heat removal
from the solid-liquid interface as shown in Figure 4.5d. Each distinct freezing front velocity
resulted in different degrees of horizontal crystal expansion and, therefore, distinct pore sizes
in the final collagen scaffolds. Furthermore, the consistency of the freezing front velocity
during the solidification process resulted in reduced variability in pore sizes between the
bottom and the top of the scaffold as shown in Figure 4.10c.
The relationship between pore size l and freezing-front velocity v for directional freeze-
casting has been described as l µ v n and is further discussed in section 2.4.2. Recently, this





Fig. 4.11 Pore size and processing variable (a) illustration of the crystal growth and expansion
for both freezing protocols (b) the relationship between freezing front velocity and set cooling
rate. (c) the relationship between pore size and freezing rate l = kv n where n=0.13 (d) the
relationship between pore size and freezing front velocity l = kv n where n=0.26
parameter has, however, been difficult to measure. Pawelec et al. 2017 used temperature data
at fixed vertical intervals to extrapolate the measurement. While a power law relationship of
n=0.85 was established for collagen systems in the presence of ethanol, none was observed
without the antifreezer additive [142]. More recently, Divakar et al. 2019 studied the pore
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sizes of directionally freeze-cast 2 wt% collagen scaffolds at varying cooling rates, however,
no measurement of freezing front velocity was made. Instead the pore size was correlated to
the set cooling rate at the base of the mould and the power law relations ship was observed
with n=0.2 [199]. Although both studies confirm that pore size can be influenced through
variation in set cooling rates, there is a need to further understand the relationship between
freezing front and pore size in ice templated collagen systems.
The results presented here for the linearly decreasing base temperature protocol expand the
understanding of the power-law relationship for the pore size and freezing front velocity in
collagen scaffolds. The mean freezing front velocities and the rate of cooling were compared
and each parameter was correlated to the resultant pore size of final scaffolds for each of the
linearly decreasing conditions as shown in Figure 4.11c-4.11d. The relationship between
the freezing front velocity (v µms 1) and the cooling rate (c oC s 1) were not found to be
linear. Instead a logarithmic curve was observed where c = v0.5 as seen in Figure 4.11b.
It follows that while the pore size was related to both the rate of cooling and the freezing
front velocity for each linearly decreasing base temperature condition, the exponent for
power-law relationship for the freezing front velocity (n=0.26) was higher than that of the
cooling rate (n=0.14). This is shown in Figures 4.11c and 4.11d respectively. These re-
sults are consistent with those presented by Divakar et al 2019 [199]. By identifying the
relationship, however, between pore size of low wt% collagen scaffolds with the freezing
front velocity, the relationship is independent of processing equipment. Furthermore, by
demonstrating the relationship between the freezing front velocity and the cooling rate
two things are achieved; i) contextualisation is provided for the work done by Divakar et al
2019, and ii) future experimental design can be informed to achieve targeted pore size control.
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4.5.4 Comparison of freezing kinetics for anisotropic and isotropic sys-
tems
The power-law relationship between pore size and freezing front velocity for aligned freeze-
cast structures is conserved for all applications (from high concentration metals and ceramics
to low percentage polymers). The relationship is further supported by the thermodynamics
of ice crystal formation, where slower crystal formation times allow for increased c-axis
expansion and subsequently larger pore sizes. Taken together, the robust and reproducible
relationship between pore size and the time scales of ice-crystal formation implies the possi-
bility of a generalisation that could link the processing parameters used for anisotropic and
isotropic ice-templating.
Pawelec et. al 2014 proposed a universal link between final pore size and time at equilib-
rium in isotropic freeze-cast collagen scaffolds. It was found that pore size was positively
correlated with time at equilibrium with a relationship of l = t1/n where n was found to be
4.8±1.7 for isotropic collagen structures [179]. Time at equilibrium was defined as the time
between nucleation and the completion of solidification, or the velocity at which the isotropic
structure solidifies. Isotropic structures are produced in the absence of a high thermal gradient
therefore, preferential crystal growth directions are not aligned. The degree of c-axis crystal
expansion, however, still dictates the final pore size of resultant ice-templated scaffolds
[32, 199]. Slower solidification and thus greater times at equilibrium result in a increased
crystal expansion along the c-axis. Conversely, rapid freezing and low times of equilibrium
provide limited opportunity for c-axis growth resulting in smaller pore sizes. The findings of
Pawelec et. al 2014 are shown in Figure 4.12a [179].
The time at equilibrium parameter and the freezing front velocity parameter, therefore, de-
scribe and predict the degree of crystal expansion occurring during the ice-templating process
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(a) (b)
Fig. 4.12 Freezing front velocity and time at equilibrium (a) the power law relationship
between pore size and time at equilibrium for isotropic scaffolds, adapted from [179] (a) the
power-law relationship between pore size and the inverse freezing front velocity
of isotropic and aligned structures respectively. The theoretical agreement between the two
processes results in a union of the two halves of the freeze casting field, such that the freezing
front velocity is inversely proportional to the time at equilibrium, kv n = t . By examining
the relationship between pore size and inverse freezing front velocity a logarithmic curve was
observed such that l = kv n where n=3.8±1.4 as shown in Figure 4.12b. The relationship
was comparable to the resulting correlation between time at equilibrium and pore size for
isotropic structures presented by Pawelec et. al in 2014 [179].
Considering the isotropic and anisotropic freeze casting systems in terms of the governing
ice crystal formation kinetics provides a link between the two branches of the freeze-casting
field and unites the relationship between freezing protocol and final scaffold architecture
for two distinct structure types. The hypothesis presents further opportunities for tailored
complex structure design that seamlessly combine isotropic and aligned regions of the same
structure. This link enhances the possibility for interdisciplinary communication between the
two distinct bodies of research.
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4.5.5 Pore size uniformity
The pore size uniformity of each freezing protocol was assessed by comparing the mean pore
size at the bottom of the scaffold to that at the top. At rapid freezing rates for both protocols,
no pore size discrepancies were observed between the top and bottom of the resultant scaf-
folds. At slower freezing times, however, the linearly decreasing base temperature protocol
was found to produce a higher degree of pore size uniformity across the final scaffold than
the constant base temperature protocol as shown in Figure 4.10. This result is consistent
with the robust relationship between pore size and freezing front velocity described above.
The linearly decreasing base temperature protocol maintained a relatively constant freezing
front velocity during solidification. The freezing front velocity profile of the constant base
temperature protocol was, however, characterised by initially rapid front progression and a
subsequent drop in freezing front velocity as the front moved away from the cold source,
slowly approaching zero until the completion of solidification.
While pore size uniformity is required to establish homogeneity in permeability and mechan-
ical properties across the scaffold [271–273], there has been recent interest in the production
of graded scaffolds with variable pore sizes from the top to the bottom. Preiss et all 2012 de-
veloped a protocol to produce graded freeze cast zirconia toughened alumina structures [269].
Graded ceramic structures can be used as filtration devices [274], planar solid oxide fuel
cells [275], or as preforms to infiltrate with a second phase to build a graded composite [276].
From a tissue engineering perspective, graded polymer scaffolds, such as those produced
under the constant base temperature protocol, could be used in vitro as cell sieves, layered
tissue culture systems to test drug delivery or co-culture systems [277–280]. Additionally,
increased interest has been paid to the design and production of complex hierarchical tissue
morphologies for regenerative medical applications because graded scaffolds form an ideal
structures for interface tissue repair [280].
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4.5.6 Conclusion
Two freezing protocols, a constant and linearly decreasing base temperature, were compared
in the production of aligned freeze-cast collagen scaffolds. Resultant collagen scaffolds were
found to be aligned irrespective of protocol. Slower freezing protocols, however, were found
to improve the degree of alignment present in the final structure. Overall, the linearly decreas-
ing base temperature protocol produced more consistent alignment irrespective of freezing
rate. On the other hand with the constant base temperature protocol, the degree of alignment
was found to increase with the set freezing temperature. Control over the degree of alignment
has not previously been reported and could be an important parameter in tissue engineering
as tissue structure and organisation has been shown to influence function. Irrespective of
protocol longer freezing times produced increased pore sizes. The linearly decreasing base
temperature protocol designated more specific control over the final scaffold pore sizes. The
constant base temperature protocol was found to produce graded pore structures with larger
pore sizes observed at the top and smaller pore sizes at the bottom.
The relationship between pore size and freezing front velocity for 1 wt% collagen scaffolds
was identified to be a power law relationship with an exponent of n=0.26. This result was
contextualised within the literature and compared to the isotropic control parameter time at
equilibrium. By considering both systems through the perspective of fundamental physics,
the control parameters were compared and a fundamental link was postulated. The rela-
tionship between set cooling rate and freezing front velocity was also explored to enlighten
experimental design for the fabrication of ice-templated collagen scaffolds with tailored pore
sizes and distributions. Taken together, the improved understanding of processing parameter
influences on aligned ice-templated collaged scaffold structure will improve the specificity
with which scaffolds can be tailored to fit specific application criterion.
Chapter 5
Design and control of complex
hierarchical structures
5.1 Biomimetic collagen scaffolds with tailored and con-
trolled complex architectures
The fabrication of regenerative scaffolds that replicate the structure and function of native
tissue has proven a great challenge in recent years. An increasingly large body of litera-
ture has demonstrated the importance of organ-specific structure at multiple length scales
[25, 182, 281–283]. The biomimetic and physiomechanical properties of regenerative scaf-
folds have also been shown to improve cellular phenotyping [67], cellular function [50],
native matrix deposition [4], and regenerated tissue function [96]. For these reasons the effi-
cacy of engineered regenerative constructs is greatly influenced by the capacity of engineered
scaffolds to replicate the complex native extracellular environment [6, 25, 50, 282–287].
Precise architectural control of regenerative medical constructs has been attempted through a
range of techniques. These include laser patterning [50], electrospinning [288], 3D printing
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[25], and ice-templating [150, 289], however, significant limitations have been reported.
Bioprinting has demonstrated achievements in producing precisely controlled complex ex-
tracellular features at a macroscopic scale. This technique, however, is greatly limited by
spatial resolution and cannot replicate nanoscale and micro-scale surface features [152].
Lyophilization and electrospinning have been shown to successfully produce hierarchical
structures with high resolution at multiple length scales, although, to date there is a distinct
lack of precise control over complex macroscopic architecture [142, 199, 211].
Recent improvements in understanding the importance of spatial specificity and controlled
complex architecture in tissue engineered scaffolds has resulted in increased interest in the
application of 3D bioprinting. While specific control of scaffold structure has been achieved
through 3D printing techniques due to the extrusion process, 3D printed scaffolds typically
comprise of smooth solid struts that do not promote cellular adhesion [152, 290, 291]. Lee
et al. 2019 addressed this issue by incorporating gelatin microparticles from the support
bath into 3D printed collagen, resulting in a textured strut surface [25]. Improved cellular
integration was achieved when compared to tradition 3D printed constructs with no surface
morphology, though struts maintained a solid composition, determined by the diameter of the
extrusion needle. This characteristic limited the degree of scaffold permeability and reduced
cellular interaction across the structure [152]. Wang et al. 2020 developed a novel integrated
method (Freeze Fresh) that combines 3DP and freeze-casting to produce 3DP scaffolds with
microscale architecture and high permeability characteristic of freeze cast structures while
maintaining a printed strut design [152]. However, the dependence of the technique on 3D
printing technology means it is limited by the range of bio-inks available, high cost and
protocol complexity.
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Freeze-casting circumvents the complexity and high cost of 3D printing by leveraging the
natural thermodynamics of the ice solidification process to define the multi-scale hierarchical
architecture of resultant scaffolds. Manipulation of physical and chemical conditions during
freezing has been shown to influence pore size [32, 179, 186], wall thickness [187], surface
roughness [188], and interconnectivity [117, 188]. Some architectural diversity has also been
demonstrated through ice templating, including isotropic [117, 130, 179], unidirectionally
aligned [30, 142, 199], and radially aligned [199, 213, 289] pore morphologies. Furthermore,
a strong relationship between thermal gradients and pore orientation has been established
[199, 211, 292]. Techniques have also been established to dictate the surface morphology
of ice templated structures through patterning of the freezing surface [150, 188]. To date,
despite the well-defined thermodynamic process no specific three dimensional control over
complex lamellar orientation has been reported.
The robust connection between the architecture of the final porous structure and the physics
of ice growth has motivated a large body of research into mathematical modelling of the
freeze-casting process. Recently, one dimensional particle diffusion models [293], phase
field simulations [294, 295], molecular dynamical simulations [296], and finite element
methods [193] have been developed to study the ice-templating process. These simulations
have contributed an improved understanding of the ice-templating process and can be used
as a tool in the experimental design of freeze-cast materials. Huang et. al. 2018 presented
a phase-field model that accurately described the dendritic behaviour of anisotropic unidi-
rectional crystal growth [294]. The simulated results accurately described the resultant wall
thickness and lamellar wavelength of experimentally produced freeze-cast silica carbide
structures [294, 297]. The phase-field approach is mathematically complex and computation-
ally expensive making it liable to limitations in processing power and difficult to apply as
an experimental design tool. Conversely, Husmann et al. 2015 used a simple finite element
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approach to predict pore structure of isotropic scaffolds based on the cooling profile within
various moulds. While this approach is less exhaustive, the simplicity of the approach makes
it a useful and accessible tool in experimental design [193].
Here, a relationship between the final freeze-cast scaffold architecture and thermal gradients
present within the mould during freezing is hypothesised. It is theorized that the lamellar
structure of collagen scaffolds can be controlled by manipulation of the thermal environment
during freezing. It is further hypothesised that a simple finite element model of the time
dependant solidification processes can be utilized as a predictive tool to indicate the final
three dimensional structure of ice templated collagen scaffolds. The aim of this chapter
is, therefore, two fold. The first objective is to develop a controllable freezing apparatus
in which an asymmetric thermal environment can be achieved and collagen scaffolds with
complex lamellar architectures can be produced. The second objective is to develop a
representative three dimensional finite element model that can recapitulate the thermal
environment during the freezing process and therein predict the final lamellar structure of ice
templated collagen scaffolds. To achieve these goals a novel technique is presented to provide
fine control over final lamellar orientation in freeze-cast collagen scaffolds. The method
utilises controlled heat sources integrated into casting moulds to enable full three dimensional
control of the thermal environment during solidification, and is presented alongside a simple
but predictive finite element simulation. The simple finite element model illustrates the
dynamic thermal environment during the solidification process and predicts the lamellar
architecture of resultant collagen scaffolds. The agreement between the simulation and
the final scaffold architecture enables the computational design and control of freezing to
give bespoke, specifically designed structures with complex pore morphologies. Three
distinct thermal environments of increasing complexity are demonstrated to illustrate design
specificity. Initially a no source condition is tested to verify the model’s predictive capabilities.
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Subsequently, two complex thermal environments are implemented and the influences on
final pore architecture are compared to simulated thermal environments. Finally, the thermal
processing conditions are varied to demonstrate localized control of scaffold structure. The
aim of this work is to; i) introduce a novel experimental protocol to provide targeted and
precise control of lamellar orientation in freeze-cast collagen scaffolds for regenerative
medical applications; and ii) demonstrate a simple predictive simulation tool that, when
applied to the novel heat source moulds presented, can be used to design and produce
freeze-cast structures with specific, complex, multidirectional lamellar orientations.
5.2 Experimental methods
The basic methods for scaffold production and characterization, found in Chapter 3 were
followed unless otherwise noted. While the set freezing protocol varied, filling volume
remained constant at 9 ml of 1 wt% collagen suspension.
5.2.1 Design and fabrication of a novel multidirectional freeze casting
system
Custom cylindrical polycarbonate moulds were designed to facilitate complex thermal gradi-
ents within the mould during collagen slurry solidification. Moulds were constructed of three
main parts, an external polycarbonate tube (height 30 mm, external radius 20 mm, internal
radius 12 mm), a slurry contacting polycarbonate tube (height 30 mm, external radius 12
mm, internal radius 10 mm), and a copper disc (height 2 mm, radius 20 mm). The external
tube was bonded with RS black epoxy potting compound to the copper base, while the slurry
contacting tube was fit snugly within the external tube, and free to slide in and out of the
mould as shown in Figure 5.1a.
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Heaters were incorporated into the external surface of the slurry contacting tube. Two 8x8
mm square depressions 1 mm deep were machined into the external surface of the slurry
contacting tube at the locations shown in the model geometry Figure 5.1b. Patch heaters were
constructed of PT100 (RS) resistors adhered to the centre of an 8x8 mm square of copper foil.
The foil and resistors were glued into the slurry contacting tube with Electrolube Thermal
Bonding Epoxy. The power outputs of the resistive heaters were individually controlled with
a Tenma 72-10480 DC power supply set to implement a constant current across the resistors
for the duration of the freezing process.
5.2.2 Collagen scaffold production
Directional freezing of the collagen slurry was executed with the freezing apparatus presented
in section 3.1.1 with a base temperature set at -60 oC. A 1 wt% collagen suspension was
prepared according to the protocol specified in section 3.1.2. Three thermal conditions were
implemented to assess the effects of complex thermal gradients on ice-templated collagen
scaffold architecture, namely i) a no source condition; ii) a single source condition where
0.075 A were applied to the PT heater; and iii) a dual source condition where 0.075 A were
applied to both the PT and PB heaters respectively. Additionally, the heat source power output
was tested as an architectural control parameter. The power output for the single source
condition was set to 0.1, 0.2, 0.55, and 0.65 W. Temperature data were collected for each
condition with k-type thermocouples at 4 second intervals.
Once freezing was completed, scaffolds were dried according to the protocol presented in
section 3.1.2.
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5.2.3 Model set-up
Comsol Multiphysics 5.0 was used to create a simple finite element phase change simulation
of the solidification process during freeze-casting. Novel heat source moulds were drawn
and meshed within the simulation and boundary conditions were applied for experimental
consistency. Three thermal environments were simulated for comparison with experimental
results.
Geometry and material properties
A four-part geometry was drawn in Comsol Multiphysics 5.0. The mould was modelled
in three parts with a disc base, an inner slurry contacting tube, and an external tube with
dimensions described in Figure 5.1b. The external surface of the slurry contacting tube was
partitioned with two square regions of 8 mm width to model the heat sources in the more
complex simulations. The collagen slurry (9 ml) was modelled as a cylinder of height 28.5
mm nested within the internal tube. Thermal ties were imposed on all contacting surfaces
with the form union function. The geometry was meshed with a physics defined ’finer’
tetrahedral mesh, with a maximum element size of 1.5 mm and a minimum element size of
0.1 mm.
Materials properties were imposed for consistency with experimental conditions. The thermal
properties of copper were imposed onto the disc at the base of the mould and the thermal
properties of polycarbonate were imposed onto both of the tubular mould parts shown in
Figure 5.1b. The thermal properties of collagen slurry have been shown to behave comparably
to those of water [193, 270]. The nested cylinder was, therefore, assigned phase change
properties of water, shown in Table. 5.1 and Figures 5.1c-5.1d.
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Fig. 5.1 Experimental methods and simulation. (a) Novel heat source moulds, cooled via
PID controlled heat sink. Volumes of interests for analysis are depicted within the slurry.
(b) Experimentally analogous boundary conditions and four part mould-slurry geometry
imposed in the finite element simulation. (c-d) Temperature dependant material properties.
(c) Thermal conductivity of ice. (d) Specific heat capacity of ice.









Polycarbonate 0.2 1200 1200
Copper 401 8960 390
Slurryl 0.6 997 4200
Slurrys ki(T ) 918 Cip(T )
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Boundary conditions
An initial temperature of 22 oC was imposed on the whole simulation geometry. Experimental
conditions were simulated through boundary conditions. Convective heat flux was used to
simulate the heat transferred between the ambient air and the model geometry,
qc = hc(Text  T )
where Text is the ambient temperature considered, to be 24 oC, T is the temperature of the
air contacting surface, and hc is the convective coefficient. The convective coefficient has
been shown to lie between 5 and 30 Wm 2K 1 [193, 298]. It was found that hc = 27.5
Wm 2K 1 produced the most experimentally consistent results. A Dirichlet boundary condi-
tion (TB = 60oC) was imposed at the base of the mould to act as a heat sink. The Dirichlet
boundary condition was imposed with a step function that transitions from the initial tem-
perature to the heat sink temperature in 0.1 seconds, to avoid discontinuities in the simulation.
Three thermal profiles were assessed where different heat source conditions were imposed
onto the square regions on the external surface of the slurry contacting tube (PT ,PB Figure
5.1b). Each region was set to establish one of three conditions namely: the no source condi-
tion, PT = PB = 0, the single source condition, PT = 0.55 W, PB = 0 W and the dual source
condition PT = PB = 0.55 W. The boundary conditions of the simulation are summarised in
Figure 5.1b.
Time-dependent simulation
A time period of 3000 seconds was simulated, where temperature values were calculated
at 1 second intervals. The three dimensional diffusion equation was used to calculate the
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where, T is temperature, t is time, Q is the sum of all heat sources in the system and r , Cp
and k are the thermal properties of the material, summarised in Table 5.1. During the phase
transition the respective material properties are combined with the phase change function

























a(T ) ranges from 0 to 1 for pure liquid and pure solid elements respectively. In the above
equations, material properties, density, thermal conductivity and specific heat capacity are
denoted, r , k, and, Cp respectively. Additionally, N represents the number of phases and q
represents the phase proportion, eq. 5.2. Work done by Pawelec et al. 2014 demonstrated
that the phase transition for a 1 wt% collagen suspension occurs gradually across a broad
temperature range centred around 0 oC. These results show that the majority of the entropy
shift that occurs during the phase transition is contained within a 4 oC interval [179]. There-
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fore, the simulated phase transition in this work was defined to occur during a 4 oC transition
interval, during which latent heat (333.5 kj kg 1) was released.
The diffusion equation 5.1 was solved at each time step in conjunction with relevant phase
change properties and the resulting temperature for each mesh element was stored. The final
time-dependent temperature and temperature gradient solutions for all three of the thermal
conditions described above were exported for analysis.
5.2.4 Analysis and model validation
The simulated and experimental freezing processes were analysed for comparison. Time-
dependent temperature data from regions of interest were collected after the completion of
the simulation and compared to the temperature date collected experimentally. Furthermore,
the local temperature gradient profile at the time of solidification was collected from the
simulation results and compared to the final lamellar structure of the experimentally produced
freeze-cast collagen scaffolds.
Orientation characterization
Scanning electron microscopy micrographs and X-ray micro-computed tomography (µCT)
images were taken according to section 3.2.2 for orientation analysis. Reconstructed µCT
data were segmented into volumes of interest as shown in Figure 5.1a.
Fourier Transform analysis via the Directionality plug in for ImageJ was used to assess the
lamellar orientation of resulting collagen scaffolds. A directionality histogram was calculated
for the x-z plane for every slice in each volume of interest. The mean lamellar direction and
standard deviation were calculated for each volume of interest with Matlab R2020a.
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Identification of predictive indicators
The simulated time dependent temperature data was analysed in Matlab R2020a for com-
parison with experimental results. Time dependent temperature data were averaged over a
2 mm cubic region at specific locations to correlate with thermocouple placement during
experimental solidification.
Cross sectional thermal profiles were visualised by sectioning the slurry component of the
geometry such that the average temperature was taken across the y-direction for the range
y=-1 mm to y=1 mm. The resulting temperatures on the x-z cross section were visualised as
a contour plot with intervals of 5 oC at various time points.
The temperature gradient directions at the time of transition between the liquid and solid
phase (tl!s) were extracted for comparison with experimental results. To avoid the localized
effects of latent heat release, tl!s was set to be the time at which each mesh element reached
0.5 oC. Gradient fields were visualised on the cross section as above and averaged over each
of the nine areas of interest produced by dividing the x and z-axes into thirds for comparisons
with experimental analysis as shown in Figure 5.1a.
5.2.5 Statistics
Three repetitions of each freezing condition were executed. All data are reported as the mean
± standard deviation. A confidence interval of 95% was used throughout.
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5.3 Results: Unidirectional alignment and simulated pre-
dictions
Resultant lamellar architecture of scaffolds produced under the no source freezing condition
were compared to simulation results to assess the predictive properties of the numerical
model. The time dependent temperature profile as well as the thermal gradient field at tl!s
were expected to indicate the thermal behaviour of the solidifying slurry, and predict the final
lamellar orientation of the resultant ice-templated collagen scaffold.
5.3.1 Heat transfer coefficient assignment
The heat transfer coefficient (hc) describes the thermal interaction between the modelled
geometry and the external environment. It has been shown that the value lies within a range
of 5 to 30 Wm 2K 1 [193]. To best describe the system presented here the steady state
temperature at the top of the collagen suspension after freezing was recorded and compared
to the analogous simulated values for the no source condition. The results can be seen in
Table 5.2. It was found that the assignment of the value hc=27.5 Wm 2K 1, most accurately
described the steady state behaviour of the experimental results.
5.3.2 Thermal Environment
Temperature data were collected at the top and bottom of the slurry during collagen suspen-
sion solidification under the no source condition and compared to simulated results as shown
in Figures 5.2a-5.2d. Similar temperature profiles were observed between the simulation
and experimental results, where the bottom of the slurry was found to rapidly drop to the
set temperature at the base of the mould while the top of the slurry was observed to cool
more slowly. Solidification times varied for experimental results and complete solidification
for the no source conditions was found to occur after 1380±250 seconds. In the following
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Table 5.2 Parameter (hc) estimation
hc value











20 -22.3 1455 1 -18 1650
22.5 -20.7 1485 2 -17.7 1158
25 -19.5 1500 3 -19.6 1340




conditions an exemplar temperature profile will be presented for comparison with simulated
results. For the thermal profile presented in Figure 5.2a, complete solidification, indicated
by a sharp increase in the rate of cooling, occurred at t=1300 seconds. Solidification was
observed to occur after t=1515 seconds for the simulation result as illustrated in Figure 5.2c.
Figures 5.2b and 5.2d show that a large temperature difference of 50-70 oC between the
top and bottom of the collagen suspension during the solidification process for both the
experimental and simulated results.
Agreement between simulated and experimental thermal behaviour indicates that the simu-
lated thermal distribution can be used to describe the thermal environment of the collagen
suspension during solidification. A cross sectional view of the solidification simulation
shows the heat distribution within the system. The cooling front can be seen to be oriented
parallel to the base of the mould and progresses from the bottom of the suspension to the top
as shown in Figure 5.2e.
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Fig. 5.2 No source results. (a)-(d) Temperature results under the no source condition for
(a),(b) experimental measurements(c),(d) and simulated profiles. (a) and (c) display the
temperature at the top and bottom of the slurry. (b) and (d) Display the temperature difference
across the height of the slurry. (e) Cross-sectional temperature contours during solidification
under the no source condition. (f) The simulated temperature gradient profile at tl!s. (g)
Lamellar orientation throughout the final scaffold. Large arrows in (f) and (g) represent the
average orientation direction for each section of the slurry. (h) µCT images of the final
lamellar structure of resultant collagen scaffolds. Images sliced on the x-z-plane for different
regions of the structure, indicated on each insert. All scale bars are 1000 µm
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5.3.3 Lamellar Prediction
The simulated temperature distribution across the three dimensional suspension was used to
produce a gradient vector field to describe local gradient orientations. The three dimensional
vector field describes the thermal gradient across each mesh element at tl!s shown in grey in
Figure 5.2f. The gradient field was observed to display uniform orientation, in which vectors
align normal to the base of the mould, at 90±1o, perpendicular to the thermal contours
observed in Figure 5.2e. For comparison with the final lamellar architecture of collagen
scaffolds, the average gradient direction was calculated for each region of interest as shown
in 5.2f. The orientation of each region of interest was found to be close to normal with some
systematic variations in mean vector direction where regions proximal to the mould walls
were observed to subtly point outward. The effect intensified as the position along the z-axis
increased. Therefore, a structure with lamellar orientation normal to the base of the mould
was predicted with subtle outward orientations at the periphery of the scaffold.
5.3.4 Lamellar Structure
The direction of the lamellar alignment for freeze-cast collagen structures produced under
the no source condition was analysed for each region of interest. The final lamellar structure
is summarised in Figures 5.2g and 5.2h. Uniform alignment was observed with an average
orientation of 90±2o, normal to the base of the mould. No significant deviation was found.
A subtle tendency for outward orientation, however, was observed in peripheral regions as
shown in Figure 5.2g and 5.2h.
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5.4 Results: Implementation of complex thermal environ-
ments
Novel heat source moulds were implemented to explore the influence of complex thermal
environments on the resultant lamellar architecture of ice templated collagen scaffolds. The
model was also expanded to describe the presence of more complex thermal environments.
The thermal and architectural results of the single source and dual source conditions are
presented in this section.
5.4.1 Single heat source environment
Asymmetric thermal environment
The constant current applied to the heater at the top of the mould (PT ) produced a local
disruption in the vertical temperature gradient. The thermal disruption is evident in the time
dependant temperature profiles for both the experimental measurements and simulated results
as shown in Figure 5.3a-5.3d. Temperatures at the top and bottom were comparable to the no
source condition. Due to the increased thermal load caused by PT , solidification at the top of
the suspension occurred later, at t=1910 seconds and t=1770 seconds for the experimental
example and simulated data respectively. The temperature differences between the top and
bottom of the suspension were also observed to exceed that of the no source condition as
shown in Figure 5.3b.
For both the experiment and the simulation, the temperature adjacent to the PT increased
initially before cooling and solidifying at 2500 seconds and 2250 seconds respectively as
shown in Figures 5.3a and 5.3c. The region opposite PT behaved similarly to the top of the
suspension resulting in a significant temperature difference of between 25 and 30oC across
the width of the mould during solidification as seen in Figures 5.3b and 5.3d.
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Fig. 5.3 Single source results. (a)-(d) Temperature results under the single source condition
for experimental measurements(a)&(b) and simulated profiles (c)&(d). (a) and (c) display
the temperature at the top and bottom of the slurry as well as proximal and directly opposite
the heat source. (b) and (d) Display the temperature difference across the height of the slurry
and across the width of the slurry at the height of the heat source. (e) Cross-sectional tem-
perature contours during solidification under the single source condition. (f) The simulated
temperature gradient profile at tl!s. (g) Lamellar orientation throughout the final scaffold.
Large arrows in (f) and (g) represent the average orientation direction for each section of the
slurry. (h) µCT images of the final lamellar structure of resultant collagen scaffolds. Images
viewed on the x-z-plane for different regions of the structure, indicated by inserts. All scale
bares are 1000 µm
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The effect of the PT heat source on the thermal environment can be seen in Figure 5.3e,
illustrating the cross sectional thermal contouring of the cooling suspension at specific time
points. A locally asymmetric thermal environment was induced, where the bottom portion
of the slurry displayed a similar behaviour to the no source condition with contour lines
oriented parallel to the base of the mould. At the top of the slurry, however, the contour
lines were observed to bend around the source throughout the cooling process. The region
proximal to PT was last to cool below 0oC, and the local contour lines were oriented parallel
to the mould wall as shown in Figure 5.3e.
Prediction of complex lamellar structure
The localised asymmetry was also visible in Figure 5.3f, illustrating the gradient vector
field for tl!s. It was found that gradients proximal to the source were observed to point
in the direction of PT , whereas gradients opposite PT and at the bottom of the suspension
maintained the normal orientation observed in the no source condition. For comparison with
the lamellar architecture of resultant collagen scaffolds, the mean vector orientation was
calculated for each region of interest and are summarised in Figure 5.3f. The gradient vectors
in regions of interest proximal to the heat source were observed to deviate from normal,
the mean vector orientation of the two regions of interest adjacent to the heater (top and
middle) was 121±13o, a deviation of 31o from normal. It was observed that the adjacent
region in the middle of the suspension was less sensitive than the top region. Therefore,
lamellar architecture is predicted to maintain normal orientation in regions distant from the
heat source. However, proximal to PT it is expected that lamellae will bend in the negative x
direction as a result of the induced thermal gradients.
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Controlled lamellar structure
The PT heat source induced asymmetric and spatially variable lamellar alignment in the
resultant collagen scaffold. Figures 5.3g and 5.3h show that lamellae proximal to the source
were observed to bend toward PT . The mean strut orientation of the two regions of interest
adjacent to the heater was 125±6o, a deviation of 35oC from the normal direction. Normal
lamellar alignment, near 90o, was observed opposite to PT and at the bottom of the scaffold.
These results are consistent with the simulated prediction shown in Figure 5.3f.
Scaffolds produced under the no source condition, shown in Figure 5.4a, display unidirec-
tional lamellar alignment with microporosity in strut walls. This is consistent with micro-scale
and nanoscale surface features that have been shown to encourage cellular attachment and
increase scaffold permeability [152]. The multidirectional freezing process induced by the
peripheral heat source maintained the micro-scale and nano-scale surface features charac-
teristic of ice templating, while specifically dictating local macro-scale lamellar alignment
resulting in a hierarchical structure with defined complex architecture, shown in Figure 5.4b.
5.4.2 Dual heat source environment
Asymmetric thermal environment
The time dependent temperature data for the dual source freezing condition and analogous
simulation were measured adjacent to and directly opposite both heaters, namely: PT and PB,
as shown in Figure 5.5a-5.5d. Experimentally, the temperature of the suspension adjacent to
both heaters rapidly increased to 55o C and 50o C for PT and PB respectively before reducing
for the remainder of the solidification process. The initial temperature elevation was found
to be lower in simulated results with 44 o C and 35 o C for PT and PB respectively. Despite
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(a) (b)
Fig. 5.4 SEM micrographs at 50-times magnification of the resultant lamellar structure for
(a) the no source condition and (b) the single source condition proximal to the heat source.
Micrographs illustrate the porous microstructure as well as the ordered macrostructure
achieved through the directional ice-templating technique. All scale bars are 1mm
the observed differences in thermal profiles between simulation and experiment, significant
temperature differences across the width of the mould were observed in both.
The temperature difference across the width of the mould at the height of PB showed an
early peak of 34oC and 18oC prior to 500 seconds before stabilising at 15oC and 6oC for the
measured and simulated temperature results respectively as shown in Figures 5.5b and 5.5d.
The PT heat source produced a more sustained temperature difference between 24oC and
18oC experimentally and 20oC and 10oC in the simulation.
The resultant thermal contours for the antiparallel temperature gradients are visualised on the
x-z cross section in Figure 5.5e. The cooling front was observed to bend around PB and then
fold across to approach PT . While both heat sources caused local disruptions in the contour
profile, the contour lines were largely parallel to the base of the slurry in regions opposite the
heat sources.
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Fig. 5.5 Dual source results. (a)-(d) Temperature results under the dual source condition
for experimental measurements(a),(b) and simulated profiles (c),(d). (a) and (c) display
the temperature proximal and directly opposite each heat source. (b) and (d) Display the
temperature difference across the width of the slurry at the height of each heat source. (e)
Cross-sectional temperature contours during solidification under the dual source condition.
(f) The simulated temperature gradient profile at tl!s. (g) Lamellar orientation throughout
the final scaffold. Large arrows in (f) and (g) represent the average orientation direction for
each section of the slurry. (h) µCT images of the final lamellar structure of resultant collagen
scaffolds. Images viewed on the x-z-plane for different regions of the structure, indicated by
inserts. All scale bars are 1000 µm
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Prediction of complex lamellar structure
The temperature gradient field for tl!s showed that gradient vectors deviated from normal
in both the positive and negative x directions as shown in Figure 5.5f. The average gradient
vector orientations for the two regions proximal to each heat source were calculated to be
120±15o and 76±8o for PT and PB respectively. Given the complex multidirectional gradient
vector field, the resultant lamellar structure of the dual source condition was expected to have
a spatially variable lamellar architecture with local lamellar orientations that deviate from
normal in both directions.
Controlled lamellar structure
The presence of two antiparallel temperature gradients across the width of the slurry had
a significant impact on the direction of ice-crystal growth, and subsequently, the lamellar
architecture of the freeze-cast collagen scaffolds. Lamellar alignment was observed to orient
toward each heat source as shown in Figures 5.5g and 5.5h. The average lamellar orientations
for the two regions proximal to each heat source were 120±6o and 76±6o for PT and PB
respectively. Figures 5.5g shows that the final lamellar orientation was in agreement with
predicted results for all regions of interest.
5.5 Power input as a control parameter for lamellar orien-
tation
The influence of the heat source power on the thermal environment, and the lamellar ori-
entation of freeze-cast collagen scaffolds was assessed by varying the power input of the
PT source in both the simulation and experimentally. The power input was found to have a
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significant influence on final lamellar orientation, such that as power input to PT increased,
lamellae were found to be oriented increasingly outward, toward PT . This relationship was
also observed in simulated gradient vector fields. It was found that in both experimental
measurements, shown in Figures 5.6a-5.6d and simulated results, shown in Figures 5.6e-5.6h
the region of interest at the top of the suspension was more sensitive to the heat source
than the region of interest in the middle. The power input to the system was also positively
correlated with the temperature difference across the suspension for both the experiment
and the simulation, shown in Figure 5.6i and Table 5.3. It was found, however, that the
temperature difference across the width of the mould was systematically underestimated
in the simulation. Similarly, while increased power output also correlated with increased
solidification time in both the experiment and simulation, the simulation systematically
underestimated the time of complete phase transition at all power levels.
Table 5.3 Experimentally measured freezing and architectural characteristics influenced by
power input to the heat source
Deviation from Temperature Time of complete
normal difference phase transition
(|90o  Angleo|) DT (tl!m) (tl!s)
Power Exp. Sim. Exp. Sim. Exp. Sim.
0.1 W 14±7 o 13±3 o 13 oC 3 oC 1700 s 1620 s
0.2 W 29±9 o 20 ±5 o 15 oC 5 oC 2000 s 1710 s
0.55 W 35±6 o 32±9 o 17 oC 11 oC 2500 s 2250 s
0.72 W 51±7 o 44±10 o 20 oC 15 oC 3400 s 2800 s
The relationship between lamellar orientation and the temperature difference across the
suspension was also explored for the two peripheral heat sources in the dual source condition.
It was found that the positive correlation observed in the single source condition with varied
power input was not supported by the dual source condition as shown in Figure 5.6j.


























Fig. 5.6 Heat source power input as a control parameter. (a)-(d) Final scaffold lamellar
orientation proximal to the heat source for varied power input to the single source condition.
Large arrows represent the average gradient orientation of each section for (a) 0.1 W, (b)
0.2W, (c) 0.55 W, (d) 0.72 W (e)-(h) Simulated temperature gradient profile at tl!s proximal
to the heat source for analogous power input as (a)-(d). (j) Lamellar orientation and prediction
for varied power input. (j) Temperature difference verses lamellar deviation from normal for
the single source condition (red) with varied power input and each of the two heaters in the
dual source condition (blue) with equal power input: blue-left) PT and blue-right) PB.
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5.6 Discussion
5.6.1 Implications and influences on the field of bioengineering and
freeze-casting
A novel technique to establish fine control over local lamellar orientation in freeze-cast
collagen scaffolds was introduced. The use of custom controllable heat source moulds
resulted in the presence of complex thermal environments during the solidification stage
of the ice-templating process. By dictating the thermal environment during solidification,
the ice growth direction was controlled and collagen scaffolds with specific and complex
multidirectional orientations were produced.
A simple finite element model was employed to explore the influence of the novel heat
source moulds on the thermal environment within the suspension during solidification. The
resulting simulations further supported the link between thermal gradient direction at the
time of solidification and the final lamellar orientation of freeze-cast collagen scaffolds.
Agreement between simulated thermal gradient fields and final scaffold architecture illustrate
the design capabilities of a simple finite element model in achieving tailored collagen scaffold
architecture through the novel thermal control system.
The control capabilities of the heat source mould system were demonstrated by varying
power input. A correlation between lamellar orientation and heat source power was identified.
This behaviour was accurately predicted by the simulation, supporting the use of the finite
element model as an experimental design tool.
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5.6.2 Predictive qualities of the model
The simulated gradient vector field at tl!s agreed with the lamellar orientation from experi-
mentally produced collagen scaffolds for all conditions. This robust relationship confirms
the link between thermal environment and lamellar orientation hypothesised in the literature
[32, 211] and further advances the understanding of the ice-templating process. Specifically,
the agreement between the final lamellar structure and the simulated thermal environment
at tl!s lends weight to the use of simulation tools to further understand the influence of
boundary conditions on the dynamic thermal environment within the mould during the
freezing process. Furthermore, the predictive qualities of the simulation encourage the use of
simple descriptive models as experimental tools in the design of complex multidirectional
freeze-cast structures.
The simulation results, while largely in accordance with experimental findings, were sub-
ject to limitations. Within the simulation, the phase change entropies were balanced using
the apparent specific heat method, which, while computationally straightforward, has been
shown to limit the accuracy of the results [299, 300]. Phase change inaccuracies possibly
contributed to the discrepancies observed between simulation and experiment for solidifi-
cation times. Fitting the phase transition to observed thermal data, however, is beyond the
scope of this work. Additionally, due to the spatial variability of lamellar architecture and
the simulated gradient vector field, orientation measurements were found to be sensitive to
sampling location. Discrepancies between average gradient direction and average lamellar
orientation are confounded by variation in sampling volume location discrepancies between
the model and the reconstructed µCT data. Despite these limitations, the simulation was
found to be predictive of final lamellar orientation given experimentally analogous imposed
boundary conditions.
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5.6.3 Correlating thermal environment with lamellar orientation
Three thermal conditions were assessed for the influence of thermal control on final lamellar
architecture in freeze-cast collagen scaffolds. The implementation of directional freezing in
ice templated scaffolds has been widely shown to result in an aligned lamellar structure with
normal orientation to the base of the mould [30, 142, 199]. The resultant scaffold architecture
for the no source condition presented in this work is in agreement with the literature. It has
previously been hypothesised that lamellar orientation is influenced by thermal gradients
during solidification [199, 211, 292]. However, tailored multidirectional structures with
locally controlled architectures have not yet been reported. The novel heat source mould
design presented in this work provides localised control of resultant lamellar orientation
of collagen scaffolds, while maintaining the porous interconnected microstructure that is
characteristic of the ice templating technique.
The introduction of a localised heat source altered the ice crystal growth direction such that
crystals with preferential growth directions in line with the induced thermal gradient, grew at
the expense of crystals with alternative orientations [32]. Fine control of the local thermal
environment during solidification afforded the production of collagen scaffolds with tailored
architecture and localised control of lamellar orientation.
The power input to the peripheral heat source was varied to test power output as an architec-
tural control parameter. Heat source power was correlated with lamellar orientation, seen
in Figure 5.6i. This relationship is a consequence of the magnitude of the thermal gradient
induced by the heat source. Small power inputs resulted in small lateral gradient components
causing a minor change in orientation. Conversely, larger power inputs caused a large change
in orientation.
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Varying the power input directly influenced the temperature difference observed across the
mould, shown in Figure 5.6j. Using the lateral temperature difference is applicable when
comparing results produced with the same source geometry. When thermal geometry changes,
for instance between the single source condition and the dual source condition, the process
is more complex. The deviation from normal of the resulting lamella for the dual source
condition had a negative correlation with the observed lateral temperature difference at tl!s.
This result illustrates the importance of a full three dimensional understanding of the thermal
environment during freezing. The reduced correlation between lateral temperature difference
and the deviation of lamellar alignment from normal is due to variations in the thermal
gradient component magnitudes at the freezing front. The lateral temperature difference (18
oC) across the mould at PB was high. However, lamellar orientation was found to deviate
only 14±6o from normal in the region proximal to the source as shown in Figure 5.6j. The
proximity of the heat source to the heat sink at the base of the mould resulted in large
vertical gradient components that contributed to the resultant gradient direction. The final
gradient vector direction is the component sum of all present thermal gradient at the freezing
front and, therefore, for complex three dimensional environments, simple one dimensional
temperature readings are insufficient to fully describe the local gradient orientation. The
complexity of the system substantiates the importance of predictive models that can describe
the complete thermal environment and be used as design tools during the production of
freeze-cast structures with specific complex multidirectional morphologies.
5.6.4 Looking forward
Taken together the local control of lamellar orientation achieved through the application of
the novel thermal controlled mould system and the predictive properties of the simple finite
element model presented, allows for a greater degree of specificity in freeze-cast structures.
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The technique can be scaled and combined with the control mechanisms already established
for pore size [32, 142, 186], lamellar thickness [187, 199], and interconnectivity [117, 188].
This could produce specific structures with targeted complex architectures for regenerative
medical scaffolds that mimic the hierarchical structures observed in complex tissue types.
By pairing the design protocol with the predictive model, it follows that target structures
can be visualised and designed through simulation, and that heat source moulds can be
programmed to input the necessary dynamic thermal conditions to produce highly specific
structure orientations.
Although the implications for the design of hierarchical and architecturally specific collagen
scaffolds for a wide range of regenerative medical applications are important, the technique
is not limited to ice-templated collagen scaffolds. The relationship between temperature
gradient and lamellar orientation has been observed in all directional freeze-cast systems and
the technique presented here can be universally applied. By altering the lamellar orientation
seamlessly within a structure, the resulting strength, stiffness, and other related properties
can be tailored to specific applications. This introduces a new tool for the development of
freeze cast materials with spatially varied properties.
5.7 Conclusion
This work presents a novel system for creating controlled, multidirectional lamellar alignment
in ice-templated collagen scaffolds. This was achieved by introducing heat sources and sinks
to specific regions of the mould, which enables complex thermal gradients to develop during
solidification. Specifically, local lamellae were observed to align in the direction of local
thermal gradients. This enables complex hierarchical structures to be produced in a single
step process, which has been a major goal of tissue engineering for some considerable time.
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The heat source mould technique was presented alongside a finite element simulation of
the solidification process under analogous boundary conditions. The temperature gradient
direction immediately prior to the phase transition was found to be predictive of the final
lamellar orientation of experimentally produced collagen scaffolds. Both the model and
experimental system were sensitive to the power input of the heaters, evidencing that control
over thermal power is an effective strategy in designing final scaffold architectures. The finite
element model and novel heat source mould system allow for targeted and specific design
of complex structural morphologies which have not been achievable up until now with the
ice-templating technique. This approach will ultimately allow specific hierarchical structures
to be input into the model, which will be able to specify the combination of heat sources and
sinks required, with the necessary power inputs and durations, to achieve the personalised
structures that are required for successful tissue engineering.

Chapter 6
The influence of scaffold anisotropy on
engineered cardiac tissue function
6.1 Introduction
The complex three dimensional architecture of the native myocardium is responsible for
directional contractions with asymmetric strain profiles [46–50]. A more detailed review of
cardiac tissue engineering and the impact of architectural control can be found in section
2.3.1. Briefly, translational designs for a regenerative cardiac patch have, historically, been
structured by pseudo-isotropic scaffolds or gels [103, 157, 158]. Recent investigations,
however, have shifted toward the use of anisotropic structures, demonstrating increased
cellular organisation and function [10, 35, 50, 70, 71, 125, 301]. While both architectural
morphologies are currently being explored in the literature, due to the technical complexity of
scaffold engineering the isolated functional effects of three dimensional architectural organi-
sation in engineered cardiac tissue have not yet been studied systematically. Therefore little
is known about the direct influence of structure on specific functionality of regenerative tissue.
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In this chapter a direct comparison is made between the cellular and long range functional
effects of pseudo-isotropic and aligned structural morphologies in the field of cardiac tissue
engineering. To guide cell attachment and impart a hierarchical tissue organisation three
dimensional collagen scaffolds are utilised and populated with pluripotent stem cell (PSCs)
derived cardiomyocytes. In order to enable a direct comparison between scaffold morpholo-
gies, an ice-templated parent scaffold with unidirectional alignment was fabricated, from
which the inherent planar asymmetry was utilised to produce thin patches that were charac-
terised by either pseudo-isotropic or anisotropic pore architectures. The use of single scaffold
fabrication technique to produce both structures ensures that other physio-mechanical fea-
tures are held constant as far as possible, and the influences of pore architecture on tissue
level and cellular level function can be assessed independently.
The effects of scaffold architecture were characterised at multiple length scales. At tissue
level, electrical signal propagation and deformation behaviour were compared. The func-
tional differences between structure morphologies were then assessed at a cellular level to
better understand the differences in tissue level performance. Phenotypic cellular maturity
was characterised through RNA analysis and physiological cellular development and organi-
sation were measured through sarcomeric organisation, cellular alignment, and gap junction
formation. This chapter describes a systematic comparison of the functional and cellular
affects of isotropic and aligned scaffold structures [70, 302–305].
6.2 Methods
The work in this chapter was done collaboratively with Dr. Maria Colzani at the Wellcome-
MRC Cambridge Stem Cell Institute, in Cambridge, UK. Dr. Colzani’s greatly appreciated
contributions are specified in this section.
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6.2.1 Collagen scaffold preparation
Scaffold fabrication
A 1 wt% suspension of insoluble type I bovine dermal collagen (Devro) was prepared ac-
cording to the protocol laid out in section 3.1.2. The collagen suspension (9 ml) directionally
freeze-cast using the controllable heat sink and mould system described in section 3.1.1.
The heat sink was programmed to hold at -10 oC for 1 minute followed by cooling at a rate
of 0.2 oC min 1. The top of the mould was exposed to the ambient environment. After
solidification, scaffolds were dried, imaged and then cross linked to 5% according to the
protocols described in section 3.1.2.
Scaffold imaging
Prior to cross-linking scaffolds were imaged with both scanning electron microscopy and
X-ray micro-computed tomography (µCT) as described in section 3.2.2. Reconstructions of
µCT data were used to assess the structural alignment and pore size of the parent scaffold
according to the protocols described in sections 3.2.3 & 3.2.4
Scaffold slicing
Scaffolds were punched with an 8 mm biopsy punch and sliced to a thickness of 500–700
µm. Aligned structures were cut such that the circular face of the scaffold was parallel to the
longitudinal plane of structural alignment. Pseudo-isotropic scaffolds were cut such that the
circular face of the scaffold was parallel to the transverse plane of structural alignment as
shown in Figure 6.1.
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Fig. 6.1 Schematic of scaffold slicing geometry, A. is the biopsy punch orientation for
longitudinal slices, B is the biopsy punch orientation for transverse slices
6.2.2 Cell line generation and culture conditions
CH9 hESCs were maintained and differentiated according to protocols described by Iyer et
al. 2015 [306] and Mendjan et al 2014 [307]. An overview of the procedure is as follows: H9
hESCs were seeded into 12 well plates coated with Matrigel (Corning) filled with CDM-BSA
supplemented with ROCK inhibitor (Millipore, 1 µm) at a density of 105 cells cm 2. Media
was changed after 3 hours to CMD-BSA, supplemented with FGF-2 (20 ng ml 1), Activin-A
(50 ng ml 1), BMP-4 (10 ng ml 1, R&D) and LY294002 (10 µM Tocris). Media was
changed again after 42 hours to CDM-BSA supplemented with FGF-2 (8 ng ml 1), BMP-4
(20 ng ml 1), Retinoic Acid (SIMGA, 1 µM), endo-IWRI (1 µM, TOCRIS). Cells were
maintained with this media, refreshed every 48 hours, for 4 days. Media was changed to
CDM-BSA supplemented with FGF-2 (8 ng ml 1), BMP-4 (20 ng ml 1) for an additional
2 days. Media was then changed to CDM-BSA with no cytokines and replaced every 48
hours. Spontaneous beating is generally observed 8-10 days after seeding. The cellular
differentiation and preparation was done by Dr. Maria Colzani.
6.2.3 Cardiac cell selection
Differentiated cardiac cells were metabolically selected via lactate selection. Media was
removed from beating cardiomyocytes on 14 day. The wells were washed with PBS and
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TryPLE (Life technologies) (500 ul per well in a 12 well plate) was added. Plates were
incubated at 37o C for 8-12 minutes, until dissociated. CDM BSA and DNase (DNase I
Solution (1 mg/ml) cat. 7900 Stemcell Technologies) diluted to 1:500 stock (1mg/ml) was
added, 1 ml per well. Cells were collected in a falcon tube and centrifuged (3 minutes at
1200 rpm). Cells were resuspended in CDM BSA to a concentration of 1x106 cell/ml. Rock
inhibitor (Y-27632 cat. 11573560 Millipore) (1:1000) was added. Cells were plated in a
6 well plate (2x106 cells/well) and incubate at 37o C for 8-12 hours. Media was removed
from wells and lactate media (DMEM without Glucose/pyruvate with non-essential amino
acid (cat.554084 Gibco) (1:100 from stock solution) and Sodium lactate (cat. L7022-10G
SIGMA) (1:250 from 1M stock,4 mM final concentration )) was added (2 ml/well). Cells
were incubated in lactate media for 96 hours, media was refreshed after 48 hours.
The lactate selected hESC-derived cardiomyocytes were pelleted via centrifugation and resus-
pended in Fixation/Solubilization solution (BD Cytofix/Cytoperm Fixation/Permeabilization
Kit, Biosciences) for 20 mins at 4oC. Cells were then pelleted by centrifugation and resus-
pended in 1X BD Perm/Wash Buffer containing anti-Cardiac Troponin-T APC antibody or
Isotype control (Miltenyi Biotech) and incubated for 2 hours at 4oC. Cells were washed
three times in 1X BD Perm/Wash Buffer, and then resuspended in phosphate buffered saline
containing 0.1% BSA and 2 mM EDTA. Data was acquired on BD LSRFortessaTM Flow
Cytometer and analysed with FlowJoTM v9. The cellular selection and flow cytometry was
done by Dr. Maria Colzani.
6.2.4 Cell seeding onto the scaffold
Scaffolds described in section 6.2.1 were sterilised in 70% EtOH for 30 min. The EtOH was
removed by PBS washing 3x5 minutes prior to scaffold conditioning with cell culture media
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(CDM BSA) for 1 hour in preparation for cell seeding. Cardiomyocytes were dissociated
using TrypLE (Life technologies) and seeded at a density of 2 x 106 cells per scaffold in
CDM BSA supplemented with ROCK inhibitor 1 µM. The cellular seeding onto scaffolds
was done by Dr. Maria Colzani.
6.2.5 Viability
PrestoBlue Cell Viability Reagent (Thermo Scientific) was added to culture media according
to the manufacturer’s instructions after 7 days of culture. Cells were incubated with the
dye for 4 hours. Media was then sampled and fluorescence at 560 nm was analysed using
VICTOR Multilabel Plate Reader (Perkin Elmer). Media containing PrestoBlue incubated in
empty wells was used as background control. The cell viability staining and imaging was
done by Dr. Maria Colzani.
6.2.6 Live cellular dynamic measurements
Fluo-4 AM calcium dynamics recording
Fluo-4 AM (10 µg/ml, Life technologies) was added to the cell culture media, on day 7
of culture, for 30 min at 37 oC. Videos were recorded on an Axiovert inverted microscope
(Zeiss) using a Sony LEGRIA camera. Scaffolds were recorded both un-paced and paced at
frequencies of 1 or 1.5 Hz using c-PACE EM pace (IONOPTIX). The Fluo-4 AM calcium
dynamics imaging was done by Dr. Maria Colzani.
Structural deformation recording
Bright field videos were recorded on an Axiovert inverted microscope (Zeiss) using a Sony
LEGRIA camera. The bright field video recording was done by Dr. Maria Colzani.
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6.2.7 Live cellular dynamic analysis
Fluo-4 AM calcium video analysis
Video analysis was performed in MatlabR2020a. Fluorescence intensity was normalized and
mean intensity was plotted against time. Both intensity peak frequencies and Fast Fourier
Transform analysis were used to calculate pulse rate. For samples that did not exhibit spatial
deformation during calcium fluorescence, pulse rates were also calculated for each pixel
to indicate global signalling uniformity. Individual pulse times were recorded for each
pixel and the temporal signalling uniformity in space was visualised through isochrones in
MatlabR2020a.
Strain analysis
Strain analysis was performed on bright-field video samples according to the protocol laid
out in section 3.2.6. The scaffold structure under bright-field provided a reliable speckle
pattern with sufficient contrast for analysis. A subset radius of 30 pixels and spacing of 5
pixels was used with high strain enabled.
6.2.8 Immunocytochemistry
Cell-seeded constructs were washed once in PBS then fixed for 1 hour with 4% PFA. The
cells were subsequently permeabilised with 0.1% Triton (Sigma), 0.5% BSA (Sigma) in PBS
for 15 min before blocking with 3% BSA (Sigma) in PBS for 1 hour. Incubation with primary
antibody (diluted accordingly) was then performed. Constructs were then washed in PBS and
incubated overnight with the appropriate secondary antibody, or phalloidin where appropriate,
overnight. Constructs were then washed and stained with DAPI (Sigma, 1 µg/ml) for 1 hour
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Table 6.1 Antibodies
Antibody Supplier Cat. Number
mouse monoclonal anti Cardiac Troponin T (I) Abcam Ab8295
Rabbit polyclonal Anti-Connexin 43 (I) Abcam ab11370
Rabbit polyclonal Anti sarcomeric a-actinin (I) Abcam ab68167
Phalloidin - 555 Abcam ab68167
Chicken anti-mouse 488 (II) Life Technologies A-21200
Donkey anti-rabbit 568 (II) Life Technologies A10042
prior to imaging. Micrographs were obtained using an SP-5 confocal microscope (LEICA).
Primary (I) and secondary (II) antibodies are listed in Table 6.1. The florescence staining and
imaging was done by Dr. Maria Colzani.
6.2.9 Immunofluorescence Analysis
Sarcomeric development
Individual sarcomere chains were isolated from confocal images showing a-actinin such
that the sarcomere band spanned the height of the region of interest. Fluorescence intensity
was normalised by the minimum fluorescence ( f0) such that, fnorm = ( f/ f0) 1. The mean
fluorescence intensity signal was plotted against the length of the sarcomere chain and the
relative prominence of each intensity peak was measured in MatLabR2020a to calculate
sarcomere intensity. Sarcomere width was defined as the signal wavelength.
Cellular alignment
F-actin staining was used to characterise cellular spreading and cytoskeletal alignment. The
F-actin orientation and coherence of cardiomyocytes after 7 days of culture was measured
for 50 µm2 sections (27 measurements were taken per scaffold) with the OrientationJ plugin
for ImageJ. The intra-scaffold variance was calculated for each individual scaffold.
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Gap junction density
Immunofluorescence staining of Connexin-43 was used to visualise gap junction structures
through fluorescence microscopy. Mature gap junctions were counted with particle analysis
in ImageJ. The gap junction density for 200 µm2 regions of interest was calculated in Mat-
labR2020a for each scaffold.
Cell density
Dapi stained nuclei were counted with particle analysis in ImageJ. The cell density for
200µm2 regions of interest was calculated in MatlabR2020a for each scaffold.
6.2.10 RNA extraction, retrotranscription and RT-qPCR
RNA was extracted using GenElut Mammalian Total RNA Miniprep Kit (Sigma) according
to the manufacturer’s instructions. RNA (100 ng) was subsequently retrotranscribed to
complementary DNA (cDNA) using Maxima First Strand cDNA Synthesis Kit (Thermo sci-
entific). RT-qPCR was performed using Fast SYBR Green Master Mix on a 7500 Real-Time
PCR System using GAPDH as a housekeeping gene. All primers were designed to span
an intron-exon junction, and are listed in Table 6.2. The relative expression of mRNA was
obtained using the DCt method. The RNA extraction and RT-qPCR was done by Dr. Maria
Colzani.
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Table 6.2 RNA Primers












Data are presented from 3 repetitions performed in triplicate. A t-test with a 95% confidence
interval was used to determine statistical significance.
6.3 Results
6.3.1 Scaffold architecture
The mean pore size for scaffolds prior to cross linking was designed to be optimal for
cardiomyocytes and measured to be 117±9 µm [10]. Distinct scaffold architectures were ob-
served across the transverse and longitudinal planes of the directionally freeze cast scaffolds.
On the transverse plane the pores structure was found to be composed of homogenous and
equiaxed pores, while on the longitudinal plane the pore structure was found to be composed
of unidirectionally aligned pores as shown in Figures 6.2a and 6.2b respectively. Figure 6.2c
shows the resultant intensity plots for the alignment analysis for each slicing plane. Signif-
icantly increased alignment was measured for the longitudinal plane, eAOP = 0.66± 0.08
when compared to the transverse plane, eAOP = 0.18±0.06. It follows that scaffolds sliced to
discs with 8 mm diameter and 500-700 µm thickness were dominated by the pore architecture
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present on the circular face of the structure while all other physio-mechanical properties
such as pore size, strut wall thickness, porosity, permeability and interconnectivity, were
maintained. Scaffolds sliced parallel to the longitudinal plane will be referred to as aligned
and scaffolds sliced parallel to the transverse plane will be referred to as pseudo-isotropic as
illustrated in Figure 6.1. Scaffold properties were measured prior to cell-seeding. For clarity,
the term scaffold will be used to refer to the structure without cells while the term construct
will be used to refer to the scaffold structure in addition to cardiomyocytes.
(a) (b) (c)
Fig. 6.2 SEM micrographs of scaffold structure in the (a) transverse plane and the (b)
longitudinal plane (scale bars 500 um) (c) proportion of alignment at each radial orientation,
insert shows the maximal alignment proportion for each slicing plane (N=3)
6.3.2 Cardiac selection
Representative samples of differentiated and selected cells were assessed for the cardiac
specific marker, Troponin-T, via flow cytometry. It was found that greater than 90% of lactate
selected cells were Troponin-T positive as shown in Figure 6.3.
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Fig. 6.3 A representative distribution of Troponin-T positive cells measured via flow cytome-
try. Blue indicated the control cells stained with an IgG antibodycontrol ; red indicates the
Troponin-T positive cells within the lactic selected sample.
6.3.3 Tissue-level performance
Cell density
The cell density of each construct was calculated, to verify comparable cellular viability
across conditions. Figures 6.4a & 6.4b show equal cell densities for each condition as
measured through Almar Blue fluorescence intensity and nucleus density respectively.
(a) (b)
Fig. 6.4 Engineered construct viability and cellular density measured through (a) Florescence
intensity of Almar Blue (aligned N=4, pseudo-isotropic N=5) and (b) nuclei density (N=8
for both conditions) for each construct architecture; error bars represent standard error
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Spontaneous electrical signalling
Calcium imaging is used as a surrogate for action potential visualisation in cardiac tissue
engineering. Here, spontaneous calcium transience was used to assess the effects of scaffold
structure on the long range electrical function of engineered cardiac tissue. Figures 6.5a and
6.5b show mean fluorescence intensity over time. Fast Fourier Transform analysis was used
to determine the pulse rate of the fluorescence signal for each scaffold. It was found that the
constructs with aligned architecture enabled a more regular pulse profile and a significantly
greater pulse rate (0.55± 0.09 Hz) than the pseudo-isotropic condition (0.33± 0.03 Hz) as
seen in Figure 6.5c.
The influence of scaffold architecture on the spatial uniformity of spontaneous electrical
signalling was explored through pulse rate heat maps, visualised across the region of interest
(ROI), as shown in Figures 6.5d-6.5g. It was found that pseudo-isotropic constructs resulted
in a non-uniform spatial distribution of pulse rates. Figure 6.5d demonstrates the patchy
distribution observed for pseudo-isotropic samples, where some regions were found to pulse
more frequently than others, resulting in a high spatial variance as shown in figure 6.5e.
The same observation was true for all pseudo-isotropic constructs. In contrast, aligned
constructs resulted in largely uniform spatial distributions of pulse rates and reproducibly
small spatial variances as shown in Figures 6.5f-6.5h. In addition to the pulse rate, the
intra-pulse spatial uniformity of electrical signalling was characterised. Figures 6.5i-6.5l
show the isochrones and temporal histograms for time of peak fluorescence within a global
pulse. The pulses sampled are specified by green boxes in Figures 6.5a and 6.5b. It was
found that the construct architecture similarly influenced the electrical dynamics within a
single pulse, the performance of pseudo-isotropic constructs was characterized by large
spatial variance and patchy isochrones, whereas aligned constructs resulted in predominantly
concurrent signalling across the field of view as shown in Figure 6.5m. These results indicate






























Fig. 6.5 Live Fluo-4 AM calcium staining was performed on immature cardiomyocytes
derived from H9 hESCs after 7 days of culture, video recordings of fluorescence dynamics
were used to asses the temporal and spatial signalling uniformity (a) & (b) mean fluorescence
intensity in time for cardiomyocytes on pseudo-isotropic and aligned scaffolds respectively
(c) pulse rate for all pseudo-isotropic (N=8) and aligned (N=5) samples (d)-(g) illustrate
pulse rate in space and associated histogram for (d) & (e) a pseudo-isotropic construct and
(f) & (g) an aligned construct (h) spatial variance of the pulse rate for pseudo-isotropic (N=5)
and aligned (N=3) constructs (i)-(l) illustrate the time of peak fluorescence in space within
a single pulse, designated by the green boxes in (a) & (b), and associated histogram for (i)
& (j) pseudo-isotropic constructs and (k) & (l) aligned constructs (m) spatial variance of
time of peak fluorescence within a pulse for all pseudo-isotropic (N=5) and aligned (N=3)
constructs; Scale bars represent 0.2 mm; error bars represent standard error
that the spontaneous electrical signalling dynamics of engineered cardiac tissue are greatly
influenced by the underlying scaffold structure, and that improved signalling uniformity was
achieved in the aligned construct.
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Paced electrical signalling
The influence of scaffold architecture on electrical signalling dynamics was also characterised
in a field paced environment. The transient calcium fluorescence for pacing at 1 Hz and 1.5
Hz are shown in Figures 6.6a-6.6c and Figures 6.6d-6.6f respectively. It can be seen that
calcium signalling on pseudo-isotropic structures, irrespective of pacing frequency, displayed
reduced regularity in calcium cycling when compared to results for anisotropic samples.
Additionally, while the dynamic signalling on anisotropic constructs was able to conform
to the external pacing frequency at both 1 and 1.5 Hz, pseudo-isotropic constructs were not
found to conform with a pacing frequency of 1.5 Hz as shown in Figure 6.6f. The influence
of scaffold structure on paced signalling dynamics were also characterised through waveform
dynamics.
The calcium signalling fluorescence wave form was characterised by the temporal charac-
teristics, time to peak, and time to 90% decay, illustrated in Figure 6.6g. For both pacing
frequencies it was found that the temporal wave characteristics for calcium signalling on
aligned constructs were shorter relative to that of pseudo-isotropic constructs, as shown in
Figures 6.6h-6.6k. The reduced temporal waveform characteristics observed for aligned
constructs indicate an increase in signalling synchronicity, and reactivity for both external
pacing frequencies.
Dynamic strain
Contractility is an increasingly important parameter, used to assess the physical performance
of cardiac tissue constructs [69]. Here, the characteristic strain profiles for each scaffold
architectural morphology were compared. Scaffold architecture was found to dramatically
influence the deformation profiles and therefore, resultant principal strains of the engineered





(g) (h) (i) (j) (k)
Fig. 6.6 Paced calcium dynamics (a)-(b) normalized fluorescence intensity analysis with
pacing at 1 Hz for (a) pseudo-isotropic and (b) aligned constructs (c) mean signal frequency
for each structure (d)-(e) normalized fluorescence intensity dynamics with pacing at 1.5
Hz for (d) pseudo-isotropic and (e) aligned constructs (f) mean signal frequency for each
structure (g) waveform diagram (h)-(k) waveform analysis of intensity dynamics for pacing
at (h) & (i) 1 Hz and (j) & (k) 1.5 Hz; all error bars represent standard error; all experimental
repartitions were done with an N=3
constructs. Principal strains for pseudo-isotropic constructs were found to occur concurrently
with equal and opposite magnitudes, indicating no net surface area change during the con-
traction as shown in Figure 6.7a. The average strain magnitude at maximal contraction was
0.015 with a maximal contractile strain rate of 0.1 t 1 and relaxation strain rate of 0.05
t 1 as shown in Figure 6.7b. Heat maps of the spatial distribution of principal component
magnitudes at peak strain illustrate a high variability in component strains across the construct
surface. Figures 6.7c and 6.7d show a representative spatial distribution of strain, where the
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patchy profile is reminiscent of the spatial distributions for calcium dynamics observed in the
previous section. Furthermore, no uniformity was observed in the strain direction, shown by
the overlaid vector field in Figures 6.7c and 6.7d.
The strain dynamics that resulted from aligned constructs sharply contrasted the results for
pseudo-isotropic samples. Principal strains for anisotropic constructs were also found to
occur concurrently. Figure 6.7e, however, shows that strain magnitudes during contraction
differed dramatically, indicating a net negative surface area change during contraction. It
was observed that the average strain magnitude at maximal contraction for e1 ( 0.15) was
ten times greater than the orthogonal component, e2 ( 0.015). A similar relationship was
observed in the strain rate profile, where the strain rates for e1 reached a maximal contractile
rate of 1.15 t 1 and relaxation rate of 0.75 t 1. The strain rates observed in e2, on the other
hand, were dramatically reduced as shown in Figure 6.7f. To further understand the influence
of structural anisotropy on the strain dynamics, the principal strain orientation was compared
to the scaffold orientation. It was found that e1 was parallel to the scaffold architecture
alignment, indicated by a white arrow in Figure 6.7g. Figure 6.7j showing that the aligned
construct morphology resulted in a significantly increased directional contraction, and Figure
6.7l illustrates a significant increase in coordination of the deformation. The directional
deformation dynamics observed for the anisotropic construct condition are consistent with
previously reported deformation profiles of native cardiac tissue in vivo, where e1 is shown
to be 2.5 times greater than e2 [46].
The shape of the total tissue strain rate over time has been identified as an important indi-
cation of functional cardiac tissue. For native tissue three characteristic points have been
identified: i) a global minimum during peak systole (SRs), ii) a global maximum with reduced
magnitude during disatole (SRe) and iii) a small maximum during the isovolumetric contrac-































(i) (j) (k) (l)
Fig. 6.7 Live bright field imaging was performed on immature cardiomyocytes derived
from H9 hESCs after 7 days of culture, video recordings were used to asses the construct
deformation during contraction. Strain dynamics for (a)-(d) pseudo-isotropic constructs and
(e)-(h) aligned constructs; (a) & (e) principal component strain in time (error bars show
standard deviation within the region of interest), (b) & (f) mean strain rate for each principal
component strain, (c) & (g) spatial colour map for e1 at maximum strain, (c) & (g) spatial
colour map for e2 at maximum strain, (i) maximum e1 for all pseudo-isotropic and aligned
constructs (j) maximum e2 for all pseudo-isotropic and aligned constructs, (k) variance of
principal strain direction for all pseudo-isotropic and aligned constructs. For heat maps; scale
bar is 1 mm; error bars represent standard error; all experimental repartitions were done with
an N=8
tion of diastole (SRa) [46]. Figure 6.7i shows the total strain rate for both an aligned and
pseudo-isotropic construct. With the exception of the intermediate peak due to isovolumetric
contraction (SRa), this strain rate shape is consistent with the strain rate produced with the
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aligned construct, where SRs and SRe were found to be -0.04 and 0.025, approximately
44% and 83% of physiologically recorded values respectively [46]. The labelling of key
physiological strain characteristics can be seen in Figure 6.7i. Taken together, strain dynamics
provided a useful tool in characterising the contractile deformation of engineered tissue and
enabling comparisons with native tissue. It was found that aligned constructs recapitulated
the strain and strain rate patterns observed during typical cardiac function.
6.3.4 Characterisation at a cellular level
Cellular phenotypic maturity
At tissue-level length scales, structural anisotropy was found to influence both signalling
dynamics and functional deformation. To further understand the influence of structural
anisotropy on regenerative cardiac constructs phenotypic and functional development was
also characterised at a cellular level. Gene expression analysis was performed through
qPCR for the radioiodine receptor-Ca2+ release channel (RYR), cardiac a-myosin heavy
chain (MYH6), b -myosin heavy chain (MYH7), Troponin-I 1 (TNNI1) and Troponin-I 3
(TNNI3). Expression of RYR was found to be elevated in cells seeded on aligned structures
relative to pseudo-isotropic as shown in Figure 6.8a. Additionally, it was found that relative
expressions on both the TNNI an MYH axese indicated that higher levels of phenotypic
and developmental maturity were achieved by cells seeded on aligned structures relative to
pseudo-isotropic as shown in Figures 6.8b & 6.8c.
Intra- and extra-cellular organisation
Due to its role as the contractile unit of the cardiomyocyte, sarcomeric development is
commonly assessed to characterise functional cellular development in engineered cardiac
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(a) (b) (c)
Fig. 6.8 Gene expression (a) relative RYR expression (b) cardiac troponin (TNNI3) to slow
twitch troponin (TNNI1) expression ratio (c) myosin composition MYH7 to MYH6 expres-
sion ratio for each construct morphology; error bars show standard error; all experimental
repartitions were done with an N=3
tissue [140, 171, 308]. Here, sarcomeric development was analysed through the localisation
of the contractile protein a-actinin, to understand the influence of extracellular order on func-
tional intracellular structure formation. It was found that cells seeded onto pseudo-isotropic
scaffolds displayed reduced banding prominence and organisation when compared with those
on aligned structures as shown in Figures 6.9a-6.9d. A significant difference in sarcomere
prominence was observed; additionally, a positive trend between alignment and sarcomere
length was also found as illustrated in Figures 6.9e & 6.9f. Reduced banding prominence
and spacing indicates a reduced state of sarcomere development and has been shown to
reduce intracellular contractile force [140, 308]. In addition to sarcomere maturity, construct
contractility has also been correlated with intra and intercellular orientation uniformity [140].
The effects of extracellular structure on cellular orientation and intercellular alignment, were
analysed through orientation analysis of the actin cytoskeleton. It was observed that cells
seeded on the pseudo-isotropic structure exhibited no preferential orientation direction as
shown in Figures 6.10a-6.10d, whereas, those on aligned scaffolds conformed to the extra-
cellular structural alignment and displayed increased orientation uniformity as shown in






Fig. 6.9 Immature cardiomyocytes derived from H9 hESCs stained for a-actinin after 7 days
on (a-b) pseudo-isotropic scaffolds and (c-d) aligned scaffolds; scale bars represent 20 µm (b)
and (d) demonstrate the quantification of sarcomeric organization through relative intensity
peak prominence along a single sarcomere chain (e) relative intensity peak prominence
(sarcomere intensity) (f) sarcomere length for cells on aligned (N=4) and pseudo-isotropic
(N=3) scaffolds; error bars represent standard error
structures uniformly align, while orientation variance describes the distribution of cellular
orientations present within the construct as illustrated in Figure 6.10i. Figures 6.10j and
6.10k show that cardiomyocytes were found to align with increased cellular coherence and
intercellular uniformity on aligned constructs relative to pseudo-isotropic structures. These
results help to explain the differences in tissue deformation observed above, and the strong,
directional contraction that resulted from the aligned construct.
Directional contraction is facilitated by uniform cellular orientation, however, continuous
signal propagation is essential for concurrent cellular contraction and optimised contractile
force. The intercellular signalling capacity of aligned and pseudo-isotropic constructs were



























Fig. 6.10 Immature cardiomyocytes derived from H9 hESCs stained for actin (phalloiden,
red) and cell nuclei (dapi, blue) after 7 days on (a)-(c) pseudo-isotropic scaffolds and (d)-
(f) aligned scaffolds; scale bars represent 100 µm (a) &(d) composite image (b) & (e)
Isolated Phalloiden channel showing actin organisation (c) &(f) actin orientation colormap
resulting from Fourier transform orientation analysis over a moving pixel average of 2
pixels (g) &(h) polar histograms of the actin orientation of cardiomyocytes within a single
scaffold (g) pseudo-isotropic and &(h) aligned (i) diagram of coherence and variance (j)
average actin orientation coherence for all pseudo-isotropic and aligned samples (k) average
actin orientation variance for all pseudo-isotropic and aligned samples; error bars represent
standard error; all experimental repartitions were done with an N=5
compared by assessing the presence of connexin-43, the protein that comprises gap junctions.
Due to the immature nature of the seeded cardiomyocytes gap junctions were expected to
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appeared as punctuated structures where a high density of connexin-43 was present rather
than the distinctive perimeter pattern of intercalated discs observed in mature cells [309].
Figures 6.11a-6.11d illustrate early focal concentrations of connexin-43 that is indicative of
early gap junction development [309, 310]. The prevalence of gap junction structures was
compared between conditions and it was found that aligned structures facilitated a higher
density of early gap junctions relative to pseudo-isotropic structures, as shown in Figure
6.11e. This result is consistent with the higher signalling uniformity observed for aligned
structures.
(a) (b) (c) (d) (e)
Fig. 6.11 Immature cardiomyocytes derived from H9 hESCs stained for Dapi (blue) Troponin
(Green) and Connexin (red) after 7 days on (a)-(b) pseudo-isotropic scaffolds and (c)-(d)
aligned scaffolds; scale bars represent 50 µm (a) & (c) Composite images (b) & (d) isolated
connexin channel showing gap junction structures (e) gap junction density for all pseudo-
isotropic (N=5) and aligned (N=4) samples; error bars represent standard error
6.4 Discussion
The field of cardiac tissue engineering has made rapid progress in recent years, expanding
the potential for tissue regeneration in future human and model medical systems. Clinical
application of a regenerative cardiac patch is, however, limited largely by an insufficient
capacity for regenerative constructs to replicate the signalling and physio-mechanical dy-
namics of native tissue, as well as impart appropriate physio-mechanical cues to promote
cardiogenisis, maturation and engraftment [3, 114–116]. Currently, the electrical function
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and contractile force generated by engineered cardiac tissues falls well below desired levels
and is compounded by inconsistent electrical integration with the host myocardium [44].
Through a direct comparison, it was demonstrated, here, that optimisation of scaffold struc-
ture can improve the biomimetic signalling and contractile functionality of regenerative
cardiac constructs. These results provide a direct comparison between current tissue engi-
neering design methodologies, and further elucidate the influences of scaffold architecture
on the performance of engineered cardiac tissue.
The dynamic functionality of the heart arises from the contraction of cardiomyocytes ar-
ranged in distinct orientations by a highly ordered ECM [35, 311]. To date, however, the
isolated functional effects of architectural organisation in engineered tissue have not been
systematically studied. In order to accurately compare the effects of scaffold architecture
on engineered tissue constructs efforts need to be made to conserve physio-mechanical
properties across conditions, such that the architectural order is the only variable. Here,
the inherent geometric asymmetry of directionally freeze-cast three dimensional collagen
scaffolds, with pore sizes optimised for cardiomyocytes [10], was utilised to produce thin
scaffold discs dominated by distinct architectural morphologies as shown in Figure 6.2c. The
use of a single parent scaffold for both architectural conditions ensures that micro-scale and
nano-scale scaffold features are conserved between conditions while the long-range structural
anisotropy is varied. Each structure was seeded with cardiomyocytes, and the functional and
cellular dynamics of the engineered constructs were compared. By performing a systematic
comparison at multiple length scales the recent studies in anisotropic cardiac design can be
contextualised, and future design methodologies in preclinical cardiology and regenerative
medical research can be informed [70, 302–305].
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The influence of architectural morphology on the electrochemical signalling capacity of each
construct was explored through live calcium fluorescence, where calcium wave propagation
is considered analogous to action potentials [25, 71, 35]. Furthermore, calcium signalling
patterns have been shown to vary depending on the anatomical region of the myocardium,
a result observed through transverse cardiac slicing and optical imaging [72, 73]. For this
reason spatial and temporal signalling patterns are of great importance when assessing the
translational potential of regenerative cardiac patches. The spatial and temporal homogeneity
of fluorescence dynamics were used to compare the long range effects of each scaffold
morphology on spontaneous calcium signalling and conductivity. Figures 6.5d-6.5m show
that the pseudo-isotropic condition resulted in poor spatial uniformity for both pulse rate
and intra-pulse time of peak intensity when compared to the aligned condition. The patchy
signalling profiles produced by the pseudo-isotropic condition indicate that signalling propa-
gation across the scaffold surface is hindered by the pseudo-isotropic structure. This result
is consistent with findings presented by Macqueen et al. in 2018 [70]. It was demonstrated
that when the aligned structure of electrospun PCL/gelatin scaffolds was interrupted, for
example by a punched hole in the scaffold, calcium signalling patterns, measured through
florescence, were greatly influenced. The temporal uniformity of calcium florescence was
found to be reduced. Furthermore, the temporal disruption was found to increase when
additional holes were punched into the scaffold [70]. In contrast, the aligned constructs were
found to encourage a continuous and uniform signalling profile. These results help to indicate
the signalling and contractile functionality of each structure type, and are in agreement with
results presented by Feinberg et al. in 2012 who showed that the transition from isotropic
tissue organization to increased uniaxial alignment was associated with enhanced calcium
handling in two dimensions [71].
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Field pacing was also utilised to test the conformance of construct signalling dynamics to
external stimuli. It was found that while both conditions conformed to pacing at 1 Hz, the
aligned construct was more sensitive to the 1.5 Hz pacing frequency as shown in Figure
6.6f. Through waveform analysis it was also found that the aligned constructs facilitated
a more punctuated signal, with a faster time to peak and time to 90% decay profile when
compared to the pseudo-isotropic condition as shown in Figures 6.6h-6.6k. Taken together
the results of both spontaneous and paced signalling dynamics demonstrate that aligned
structures facilitated an improved capacity to direct a synchronous electrochemical signal
and conform to external pacing. When considering the in vivo environment, the capacity for
regenerative cardiac constructs to translate electrical signals across the damaged myocardium
is paramount. Here, aligned structures would enable uniform signal transduction whereas
pseudo-isotropic structures were found to disrupt the signal propagation which resulted in
arrhythmia-like behaviour [70, 138, 312].
A similar trend was observed when the tissue level contractile function of the two tissue
morphologies was compared. Contractility is an emerging parameter that describes the
dynamic function of engineered cardiac tissue. Contractility is commonly measured with
force. Current force measurement techniques, however, are compromised by the complex
mechanical and biochemical contribution of the extracellular structure [301, 313]. Recently,
the deformation and contractility of the native myocardium has been characterised through
strain and strain rate. These parameters circumvent the limitations associated with force
measurements and have enhanced the understanding of myocardial function through direct
optical methods [46, 69].
The direction and rate of strain produced by regenerative constructs were compared to that
of native tissue to further understand the ability of engineered tissue to recapitulate native
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mechanical performances. It was found that contractile functionality was significantly im-
proved by extracellular alignment as shown in Figures 6.7a-6.7h. Aligned cardiac tissue
constructs facilitated not only increased deformation, but additionally a defined and directed
synchronous contractile behaviour that resulted in tissue densification and surface area reduc-
tion as indicated by the increased magnitude of e1 relative to the orthogonal component in
Figure 6.7e. This deformation behaviour matches previously reported surface deformation
characteristics of in vivo cardiac tissue [46]. The directional contraction in native tissue
optimises cardiac output [181]. In addition to the strain dynamics, strain rate has also been
identified as an important parameter when characterising cardiac tissue function [46]. Figure
6.7i shows the tissue strain rate for both the pseudo-isotropic and aligned constructs, and it
can be seen that the aligned construct produced a more physiologically relevant profile when
compared to the pseudo-isotropic construct. The differences in contractile function can be
attributed to the degree of long range cellular order facilitated by each scaffold structure. In
two dimensions it has been shown that cellular alignment encourages intercellular sarcomere
coherence, which in turn results in directed contractile force [71]. In contrast, the lack of long
range structural organisation in the pseudo-isotropic construct hampered the development of
directional deformation. This deformation characteristic, in a translational setting, would
reduce the mechanical coupling between the engineered tissue and host myocardium.
The cells used in this chapter were derived from a hESC line. There are ethical limitations
associated with use of hESCs. Embryonic stem cells are derived from pluripotent cells of
the early human embryo, therein, destroying the embryo [314]. The ethical limitations of
this method has fuelled the development of induced pluripotent stem cells (iPCs). iPSC are
derived from skin or blood cells that have been reprogrammed back into an embryonic-like
pluripotent state, enabling the development of an unlimited source of any type of human cell,
a technique developed in 2006 [315]. The H9 line of hESCs was produced in 1998 by Dr.
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J. A. Thomas [314]. The line is immortal and has been maintained for the last two decades.
It follows that differentiation protocols for hESCs have been better established than those
of iPSCs [316]. The H9 hESC line was approved for clinical trials a short time after it’s
development and hESCs have well established usage in translational science [317]. There are
numerous clinical trials currently utilizing hESCs for therapeutic benefit. Initially the use of
iPSC in a clinical setting was slowed by the use of viral vectors to reprogramme somatic cells
into a pluripotent state [316]. However, more recently viral free programming methods have
been established and efficient differentiation protocols have been developed. Currently, a few
iPSC based clinical trials have been approved, however this number is expected to increase
rapidly [316, 317]. While the relatively robust clinical history of hESCs makes these cell
lines appealing for translational research such as the development of a cardiac patch, recent
advancements of iPSCs has made them a viable option for translational medical research and
a consideration for future studies as the results in this thesis should be reproducible with an
iPSC cell type.
The functional differences between conditions were further explored at a cellular level. Gene
expression analysis showed that cells seeded onto aligned scaffolds showed increased cellular
cardiogenisis and maturity. The RYR protein is responsible for the smooth endoplasmic
reticulum (SR) calcium efflux mechanism that initiates contraction. Elevated expression of
this calcium handling gene on aligned constructs, as shown in Figure 6.8a, helps to explain
some of the differences in signalling dynamics and signalling waveform observed between
conditions. Additionally, phenotypic development was characterised by observing the ratio
between the gene expression for the sarcomere protein isoforms TNNI and MYH. The TNNI
protein is part of the troponin complex of thin filaments in striated muscle cells, where it
prevents myosin binding in the relaxed state. The relative expression of TNNI3 (cardiac
troponin) to TNNI1 (slow twitch troponin) indicates cardiac phenotyping. The myosin
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composition is governed by the MYH gene expression, where the relative expression of
MYH7 and MYH6 indicates developmental maturity. Figures 6.8b and 6.8c show that aligned
constructs facilitated increase cellular cardiogenesis and maturity.
In addition to increased cellular maturity, aligned constructs were also found to increase the
intra-cellular and intercellular order as well as cellular communication infrastructure. Figures
6.9e and 6.9f demonstrate the increased sarcomere organisation observed on aligned con-
structs which has been shown to correlate with cellular contractility [71]. Furthermore, the
aligned constructs were found to facilitate improved intercellular organisation and alignment
across the scaffold as indicated by a significant increase in orientation coherence and decrease
in orientation variance shown in Figures 6.10j & 6.10k. The differences in sarcomere devel-
opment and cellular organisation help to explain the increased contractile function observed
on aligned constructs. Similarly, the differences in signalling dynamics can be explained by
the increased prevalence of early gap junction structures on aligned constructs as illustrated
by Figure 6.11e. Gap junction structures help facilitate intercellular communication. The
increased appearance of focal densities of connexin-43 staining is consistent with previously
published studies [309, 310]. Johannes Bargehr et al 2019 demonstrated that injection of
both cardiomyocytes and hESC derived epicardial cells into rat hears after infarct resulted
in early gap junction formation between the native tissue and the injected cells as well as
between implanted cells. These early gap junctions were indicated through focal densities
of connexin-43 florescence staining[310]. These results contextualize the staining patterns
observed in this chapter. The improved gap junction development observed on the aligned
scaffolds can, therefore, help explain the improved signalling transduction observed within
this condition.
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These results raise some important questions about the mechanism by which tissue architec-
ture improves cellular phenotyping and maturity. It has been postulated that extracellular
boundary conditions regulate cellular function through the coordination of sarcomeres at an
intercellular level [35, 71]. This does not explain the increased cellular maturity observed
on aligned structures as the immediate cellular environment and scaffold structure at a
micro-scale and nano-scale are largely the same due to the common scaffold origin. A recent
study by Bouchard et al. 2019 found that increasing external electromechanical stimulation
increased the rate of maturation for early hiPS-CMs [67]. Given this information, it can be
further hypothesised that the cellular boundary conditions are not directly encouraging matu-
ration, but rather, coordinating a stronger tissue level contractile behaviour. This enhanced
and uniform contraction is effectually a self-reinforcing system, in which, the amplified
contractile force, facilitated by structural alignment, serves to cyclicly stimulate the tissue
construct and enhance the rate of cellular maturation. It can, therefore, be hypothesised that
the developmental differences between structures can be attributed to the amplification of
auto electromechanical stimulation that results from long range cellular order. Additionally,
as maturity increases, so too does the magnitude of the external stimulation. This, in turn,
encourages further maturation, creating an autologous system that parallels the work done
by Bouchard et al. 2019 [67]. This effect is reduced for the pseudo-isotropic structure as
the absence of long range cellular order disrupts the ability of cardiomyocytes to align and
contract along the main axis of the scaffold, thus reducing the contractile forces of the tissues
[35]. Therefore, it was found that while scaffold architecture did influence the cellular and
functional performance of engineered cardiac tissue. Future work is needed to completely
deconvolve the relationship between structure and tissue development.
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6.4.1 Conclusion
Through a direct comparison, it has been shown that aligned macro-architecture is beneficial
for both functional and cellular development of regenerative cardiac constructs. Additionally,
the understanding of the role scaffold architecture plays in cellular development and tissue
function for engineered cardiac tissue has been improved. It has also been hypothesised
that the observed difference in maturity is a result of the long range cellular order and
the consequent improved intra-cellular and intercellular contractile dynamics that serve to
electromechanically self stimulate the whole construct. Further study is required to fully
deconvolve the relationship highlighting an interesting future research direction. Taken
together these results illuminate the importance of scaffold structure for hierarchical cardiac
patch development and function at multiple length scales. This work can help inform the
design of regenerative cardiac tissue for translational applications and the development of




compliance to native myocardial strains
using an ex vivo cardiac model
7.1 Introduction
After implantation, cardiac scaffolds will be subjected to a complex biomechanical en-
vironment of time-varying physio-mechanical changes in stresses, strains, and structural
deformation [11]. The mechanical capacity of engineered tissue to biomimetically deform
and simultaneously support the damaged native tissue is crucial for the success of engineered
grafts [11]. There is, therefore, a great need for the characterisation of the diverse array
of superficial strains that occur across the myocardium, and to characterise the relative
compliance of regenerative scaffolds. This information will provide important insights into
the long-term capabilities of engineered scaffolds.
In recent years, new technologies have been developed to measure the in vivo strains of the
myocardium. Different non-invasive imaging techniques can be used to perform cardiac
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strain imaging (CSI) such as ultrasound speckle-tracking echocardiography (STE), cardiac
magnetic resonance image (cMRI) feature tracking, cMRI tissue tagging, and cardiac com-
puted tomography (CCT) [58, 60]. STE is the most popular technique because of its relatively
simple implementation and clinical availability [58, 61]. Two dimensional echocardiography
allows for the analysis of complex mechanisms of myocardial deformation in time and
space [61, 318, 319]. STE typically involves capturing and processing planar cross-sectional
views of the heart, meaning the deformation across the surface of the myocardium is not
characterised. Ferraiuoli et al. 2019, developed a 3D speckle tracking protocol across the
surface of the myocardium in an in vitro haemodynamically loaded porcine heart platform
[320]. A full-field strain map was produced for multiple beat cycles and local variations of
principal strains were recorded across the epicardial surface [63, 321]. The in vitro haemo-
dynamically loaded porcine heart model, however, fails to account for the native strains
produced by myocardial contraction. Soltani et al. 2018, characterised the surface strains
of the right ventricle during open heart surgery using optical imaging and speckle pattern
tracking [46]. The obtained full-field measurements of native myocardial principal strains
provided new insight into the biomechanics of the heart. The open heart surgery model has,
however, only a limited field of view and is not applicable to test myocardial reaction to
novel pharmaceuticals or regenerative scaffolds.
In this chapter, an ex vivo ovine cardiac perfusion model is used to enabled direct observation
of the native surface myocardial movement during the cardiac cycle. The ex vivo cardiac
model was used as a platform to observe and quantify the mechanical compliance of cardiac
scaffolds with varied structural architectures and fixation methods to the native deformation
of the superficial epicardium. Cardiac patches consisting of collagen scaffolds produced with
either aligned or isotropic pore architectures were applied to the left ventricular wall using
sutures or glue fixation. Through direct optical imaging and digital image correlation the
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conformance of the acellular scaffolds to the native myocardial deformation patterns was
assessed and compared. The performance of each scaffold condition was quantified through
strain analysis and compared both with the surrounding myocardium and the control condi-
tion. Through direct observation of the physio-mechanical patch performance when adhered
to live tissue, the influences of scaffold structure and fixation method can be quantified and
compared to further inform the translational design of therapeutic cardiac tissue engineering.
7.2 Methods
The work in this chapter was done collaboratively with Dr. Clare Burdett, a member of the
Cambridge Center for Medical Materials, in Cambridge, UK. Dr. Burdett’s contributions
were greatly appreciated and are specified in this section.
7.2.1 Scaffold fabrication
A 1 wt% suspension of insoluble type I bovine dermal collagen (Devro) was prepared ac-
cording to the protocol laid out in section 3.1.2. Directionally freeze-cast scaffolds were
fabricated using the controllable heat sink and mould system described in section 3.1.1. A 9
ml volume of collagen suspension was used. The heat sink was programmed to hold at
-10 oC for 1 minute followed by cooling at a rate of 2 oC min 1.
Isotropic scaffolds were fabricated in a freeze drier (VirTis SP Scientific Wizard 2.0). A
2 ml volume of collagen suspension was pipetted into standard 24-well plates (Corning,
NY, USA), to a filling height of 8 mm. Well plates were placed on a Teflon block (10 mm
thickness) and frozen in the freeze drier with a shelf temperature of -30 oC for 3 hours.
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After solidification, scaffolds were dried, imaged and then cross linked to 30% according to
the protocols described in sections 3.1.2 & 3.1.2.
Scaffold imaging
Prior to cross linking, scaffolds were imaged with both scanning electron microscopy and
X-ray micro-computed tomography (µCT) as described in section 3.2.2. Reconstructions of
µCT data were used to assess the pore sizes of both the directionally aligned and isotropic
scaffolds according to the protocols described in sections 3.2.3 & 3.2.4
7.2.2 Ex vivo Cardiac model
The data from two cardiac reanimations are presented. Heart 1 was used to test glue fixation
and Heart 2 was used to assess suture fixation and control dynamics.
A summary of the ex vivo cardiac model preparation and execution can be seen in Figure 7.1
and Table 7.1. The protocol is adapted from references [322–324]. The development of the
protocol and the construction of the ex-vivo rig was done by Dr. Clare Burdett.
Ethical approval
Experiments were performed in accordance with the University Biomedical Support Service
ethical recommendations.
Ovine cardiac donation after circulatory death
Animals were procured through collaboration with the Melbourn Abattoir in Melbourn, Cam-
bridgeshire, England. Lambs (Breed: Taxel/Suffolk cross) between the ages of 7-10 months
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Fig. 7.1 The experimental protocol shown as a flow chart
old were stunned with a captive bolt pistol. Circulatory death was caused by exsanguination
via opening of the superior vena cava. 800-1000 ml of blood was collected from the superior
veno cava into a 5 L bucket pretreated with 50,000 units of heparin. All drug administration
was overseen by Dr. Clare Burdett.
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Table 7.1 Individual organ harvest and physical characteristics
Heart Warm ischemic Time to Cold ischemic Post plegia Post cold ischemic
time (min) Plegia (min) time (min) weight (g) weight (g)
1 7 5 81 462 522
2 6 5 103 400 400
Explant and cold storage
Hearts were explanted after 6-7 minutes of warm ischaemic time. The heart was immediately
placed in a cold bath (0 oC) of normal saline solution (0.9%, Baxter) and cannulated through
the aorta. The organ was initially flushed with normal saline (500 ml) supplemented with
12,500 units of heparin followed by 500 ml of cardioplegia solution comprised of 100 ml
cardioplegia (Terumo IS849) and 400 ml Ringers solution (Baxter) supplemented with 6ml
8.4% sodium bicarbonate (Braun), 12,500 units heparin. After infusion with cardioplegia the
heart was weighed and stored in cold (0 oC) natural saline solution. The individual organ
weights, and processing times are summarized in Table 7.1. The cardiac dissection was
overseen by Dr. Clare Burdett.
The ex vivo model
The Langendorff ex vivo cardiac perfusion rig was assembled according to Niu et al. 2013
[323]. A schematic of the assembly can be seen in Figure 7.2a. Briefly, the rig is set up such
that oxygenated blood is pumped into the aorta, which then profuse the coronary arteries
that supply the myocardium. The blood passively drains out of the pulmonary artery into a
collection reservoir. The deoxygenated blood is then pumped through an oxygenator (Sorin
inspire (LivaNova)) and perfused back through the aorta. Prior to cardiac reanimation the
ex vivo rig was primed with 1000ml of priming solution. 700-800ml priming solution was
drained and the blood 800-1000ml was strained through a Sorin reservoir filter and circulated





Fig. 7.2 Patch application and cardiac perfusion (a) Illustration of the Langendorff ex vivo
cardiac perfusion set up, and the circulatory system in which the coronary arteries are
supplied. (b) Illustration of the patch application site and applied bead pattern (green) for
digital image tracking. The white rectangular outline indicates the two bead pairs used in
analysis, with the bead pair on the grey patch denoted as the patch beads (note: this name is
also utilized for the control condition where there is not a patch, instead beads are adhered
directly to the myocardium where the patch would be located), and the bead pair directly
medial to the patch beads denoted as the reference beads. (b) Illustration of the fixation
methods; the glue fixation is depicted on the left where white regions at the corner of the
patch indicate where glue was applied, the suture fixation is depicted on the right where blue
sutures are depicted at each corner
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7.2.3 Patch application
Scaffolds were sliced to a thickness of 2 mm; aligned structures were sliced in the longitu-
dinal direction to maintain structural alignment. Squares (15 mm x15 mm) were cut and
structures were hydrated in PBS.
Scaffolds were fixed to the anterior left ventricle proximal to the apex as shown in Figure
7.2b. Aligned scaffolds were fixed with the longitudinal pore orientation parallel to the
native alignment of the superficial myocardium. For glue fixation, cyanoacrylate (0.05
ml, Loctite I.D.1365882) was applied to each corner of the scaffold. For suture fixation,
prolene nonabsorbable monofilament (7-0 Aston) sutures were applied to each corner of the
scaffold as illustrated in Figure 7.2c. 7-10 glass beads (green, ø=2 mm) were fixed to the
region of interest on the myocardium with cyanoacrylate glue (Loctite I.D.1365882). The
bead placement pattern can be seen in Figure 7.2b. In the control condition, beads were
glued directly to the myocardium in the patch location. Additional beads were glued to the
surrounding myocardium such that a pair of beads were applied proximal to the region of
interest in a parallel orientation as shown in Figure 7.2b.
7.2.4 Cardiac reanimation
After patch application the hyperthermic heart was hooked up to the Langendorff ex vivo
perfusion rig and warmed to 37 oC at a rate of 3 oCmin 1. Once warm 10 ml glucose 5%,
5 ml calcium 5%, 5 mg in 5 ml lidnocain were administered. Beating commenced sponta-
neously within 20 minutes of organ attachment to the perfusion rig. All drug administration
was overseen by Dr. Clare Burdett.
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7.2.5 Digital image recording
Video samples were recorded with a GoPro Hero 5 camera at 30 fps. Patches were exchanged
at 20 minute intervals without interruption of the beating cycle.
7.2.6 Post application patch processing
After patch removal, patches were washed in PBS (2x5 min), 70% ethanol (2x5 min), and
water (5x5 min) followed by freeze drying according to section 3.1.2. Dried scaffolds were
then imaged with scanning electron microscopy according to section 3.2.2.
Calculation of characteristic parameters
Linear strain calculations
Bead positions in sample video frames were isolated through hue thresholding in ImageJ.
The TrackMate plugin was used to track bead locations from frame to frame and position
data were exported for processing. The distance between beads of interest was identified
for the bead pair on the patch and the reference bead pair fixed directly to the myocardium.
The bead pairs of interest are indicated by a white box in Figure 7.2b. The linear strain was








The variable L0 is defined as the length between beads during diastole, identified as the
reference length and is redefined for each beat to reduce the effects of sample drift. Similarly,
L0 is defined as the length between beads in the current frame as shown in Figure 7.3.
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Fig. 7.3 Illustration of bead movement during contraction of the cardiac tissue.
The peak linear strain was identified for each beat and a linear strain ratio was calculated
between the peak linear strain of the patch beads (ePL ) and the adjacent reference beads (eRL ).
Peak linear strain between bead pairs was identified independently due to subtle temporal
variability between locations. The linear strain ratio was defined ePL /eRL and compared be-
tween conditions.
Digital image correlation and principal strain analysis
All bead positions (7-10 beads dispersed across the region) were used to calculate two-
dimensional strain across the sample region. Bead position image stacks were prepared in
MatlabR2020a. Position data were used to interpolate bead position between frames through
path average interpolation such that the bead position was defined at 0.167 second intervals.
Translation was removed by subtracting the bead position of the lateral most bead from
all bead positions such that the position of the lateral most bead was fixed. However, all
relative bead movement was maintained. Bead position images were plotted with circles of
varying colour and radius in the interpolated bead positions to aid in subset tracking for two
dimensional strain analysis.
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Strain analysis was performed with Ncorr digital image correlation software according to
section 3.2.6. A subset radius of 100 pixels and spacing of 15 pixels was used with high
strain enabled.
Principal strains were calculated according to the protocol laid out in section 3.2.6 and
component strain ratios between the patch region strain (eP) and the reference region strain
(eR) were defined as eP/eR and used to compare between conditions.
7.2.7 Statistics
Between 3 and 15 repetitions of each condition were executed. A t-test with a 95% confidence
interval was used to determine statistical significance.
7.3 Results
7.3.1 Scaffold structure
Distinct scaffold architectures were achieved. The isotropic scaffolds were composed of
a homogenous equiaxed pore structure and the aligned scaffolds displayed unidirectional
pore alignment as shown in Figures 7.4a and 7.4b respectively. Pore sizes were comparable
between scaffold structures, Figure 7.4c illustrates that both scaffold types had a broad range
of pore diameters with average values of 97±50 µm and 82±33 µm for isotropic and the
transverse plane of aligned scaffolds respectively.
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(a) (b) (c) (d)
(e) (f) (g)
Fig. 7.4 Scaffold structure and native myocardial behaviour. (a) Scanning electron mi-
crographs of an isotropic scaffold and (b) an aligned scaffold (scale bars: 0.5 mm). (c)
Histogram of pore size distribution of both scaffold structures (isotropic: N=3; aligned N=6).
(d) Sampled heart rate for each condition. Sampling repetitions for Control, A. Suture, A.
Glue, I. Suture, and I. Glue are N=4, N=4, N=3, N=3, N=3 respectively. (e) Bead attach-
ment to isotropic (top) and aligned (bottom) scaffolds. (f) Bead position evolution during
contraction, blue represents early time points and red represents the final frames with 0.033 s
between time points. (g) Representation of the dynamic displacement of four beads in (f)
during a full contractile cycle. Scale bars in (a) and (b) are 0.5 mm and in (e) are 1 mm
7.3.2 Cardiac Reanimation
Cardiac reanimation occurred without pacing within 15 minutes of perfusion. A range of
heart rates were sampled for each condition such that no condition was sampled over a
distinct range as shown in Figure 7.4d.
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Native myocardial dynamics
Beads were attached either directly to the myocardium or directly to the collagen scaffold
as depicted in Figure 7.4e. The bead position displacement during contraction was tracked
for each bead. Asymmetric displacement during the contractile cycle (from early ventricular
diastole to late ventricular systole) was observed across the region of interest. Displacement
was found to vary in space and time 7.4f. A comparison of bead positions 8 and 3, in Figure
7.4f, illustrates the spatial variation of bead displacement across the region. The displacement
of bead 8 has a large y-component, whereas the displacement of bead 3 is predominantly in
the x direction. Figure 7.4g demonstrates such variations in bead path during a contractile
cycle. Similarly, temporal variations can be observed with significant displacement of bead 8
beginning within the first 0.033 seconds (blue marker), whereas significant displacement of
bead 3 occurs later (green marker).
7.3.3 Patch Performance
Fixation
Hydrated scaffolds, irrespective of structural morphology, were found to conform to the
shape of the myocardium upon application. Scaffolds were exchanged during active beating
to compare conditions on the same heart. No observed tearing occurred during suture fixation
as shown if Figure 7.5a. Scaffolds also remained fixed until removal.
Glue fixation resulted in stiffening of the scaffold in the regions of glue application as shown
in Figures 7.5b and 7.5c for aligned and isotropic scaffolds respectively. The glue was
absorbed into the scaffold through capillary action. The increased stiffness resulted in a
greater interfacial stress between the patch and myocardium for the given strain applied
170 Characterising scaffold compliance to cardiac strains using an ex vivo model
(a) (b) (c)
Fig. 7.5 Scanning electron micrographs of fixation methods showing (a) a suture perforation
in an aligned scaffold, indicated by a white arrow, a glue globule on (b) an aligned and on (c)
an isotropic scaffold.
by the native tissue. In some cases, the increased stiffness caused the myocardial strain to
exceed the strain tolerance of the bond and interfacial de-bonding was observed. The scaffold
deformation data for de-bonded scaffolds were not included in strain analysis.
Linear Strain
The linear strain was calculated between the bead pair adhered to the patch region (ePL ) and
the reference bead pair adhered immediately medial to the patch region (eRL ). The change
in the linear strains over the course of a beat, starting and ending in early diastole, can be
seen in Figures 7.6a & 7.6b. The linear strains recorded for the control condition illustrate
that the strain in the patch and reference region occur concurrently and the patch region
is characterised by an increased strain magnitude relative to the reference region such that
the linear strain ratio at peak strain is greater than one as shown in Figure 7.6a. The linear
strain dynamics for the aligned patch with suture fixation were observed to be consistent
with the control. Conversely, the sutured isotropic scaffold as well as both glue conditions
were characterised by dramatically reduced strain in the patch region relative to the reference
region as shown in Figure 7.6b. The linear strain ratios for each condition are compared in
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Figure 7.6c. It was found that the aligned scaffold applied with suture fixation performed
most similarly to the control condition, with no significant difference observed. All other
conditions were found to perform similarly, characterised by significantly reduced linear
strain in the patch region relative to the reference region.
(a) (b) (c)
Fig. 7.6 The dynamic linear strain over the course of a beat (time) for (a) control and (b)
patch conditions. (c) Mean peak linear strain ratios (eP/eR) for each condition, error bars
indicate standard error, ⇤ represents significance from control, ⌅ represents significance
from aligned counter part with the same fixation, and • represents significance from suture
counterpart with the same scaffold architecture. Beat repetitions for Control, A. Suture, A.
Glue, I. Suture, and I. Glue are N=14, N=12, N=6, N=8, N=3 respectively.
Principal Strains
Two dimensional strain was calculated across the sampled field specified in Figure 7.2b. The
native dynamics are illustrated by the control condition as shown in Figure 7.7. Figure 7.7a
shows that principal strains occurred concurrently during a contractile cycle with opposite
signs. The contractile component strain (e1) was found to be comparable in magnitude to
the expansion component strain (e2). A similar trend was observed for both the patch and
reference regions of interest, however the strain magnitudes were found to be increased as
shown in Figure 7.7b. The strain ratios between the patch and reference regions for each
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component strain were found to be stable during contraction with the e1 ratio greater than one
while the e2 ratio was found to be less than one. The full-field strain during peak contraction
is shown as a heat map in Figures 7.7c and 7.7d. The strains were found to be greater in the
centre of the surface. Rectangular annotations indicate the patch region of interest (white)
and the reference region of interest (black). It should be noted that the patch region is also
used to describe the correlating region in the control condition where there is no patch,
however the white square indicated is where a patch would be. Figures 7.7c and 7.7d also
show component strain orientations. It can be seen that e1 strain vectors point uniformly in
the longitudinal direction, while e2 strain vectors point circumferentially. These results are
used as the model dynamics for comparison with the patch conditions.
The resultant principal strain dynamics for all patch conditions are displayed in Figure 7.8.
Irrespective of patch condition it was found that component strain orientation was conserved,
with contraction occurring along the longitudinal axis. Figures 7.8a-7.8c shows resultant
strain profiles in the presence of an aligned patch with suture fixation. It can be seen that the
component strain dynamics for both the patch and reference regions are similar to the control
condition with constant strain ratios occurring above one for e1 and below one for e2. The
strain heat maps are also similar to the control condition as shown in Figures 7.8b and 7.8c
for e1 and e2 respectively.
The isotropic suture condition and both glue conditions displayed differences in resultant
strain profiles when compared to the control. The sutured isotropic scaffold resulted in a
reduced contractile strain ratio while the e2 strain remained unaffected as shown in Figure
7.8d. The e1 heat map displayed in Figure 7.8e also shows a distinct discrepancy in the
patch region while the e2 heat map is less affected 7.8f. The resultant strain profiles for the

















Fig. 7.7 2D strain analysis of the control condition. (a) Mean principal strains (e1 and e2) of
the full field of view, (b) mean principal strains for the regions of interest, the patch region is
where a patch would be placed, however, in the control condition there is no patch and the
reference region is directly medial to the patch region. Insert shows the principal strain ratios
(ePi /eRi ) during contraction, where i represents the principal strain. (c) and (d) show full field
isochrones of the principal strains e1 and e2 respectively. The white box indicates the patch
region where the patch would be and the black box indicates the reference region
scaffolds respectively. Similar to the sutured isotropic scaffolds, a significant reduction in
e1 magnitude was observed in the patch region relative to the reference region. While the
e2 dynamics were different from the control condition, they were also consistent between
the patch and reference regions for both scaffold types. The e2 values for both patch and
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reference regions were found to be close to zero, causing high variability in the resultant
strain ratios as shown in Figures 7.8g and 7.8d. Furthermore, the heat maps of peak e1
strain show a localised disruption in contractile strain. On the other hand, little disruption
in the e2 heat maps were observed between the patch and reference regions. This indicates
that contraction in the longitudinal direction was significantly affected by scaffold type and
fixation while circumferential expansion was less affected by the same variable.
The component strain ratios for each condition were compared. Figure 7.9a shows that the
native relationship between the patch and reference regions e1 strain was best replicated
by the aligned scaffold applied with suture fixation. The principal strain ratios for other
conditions were found to be significantly reduced when compared to the control condition.
The e2 strain ratios, as shown in Figure 7.9b, were found to be more consistent between
conditions than e1 and had values falling between 0.3 and 0.9. The e2 strain ratios for both
the sutured aligned scaffolds and the glued isotropic scaffolds were found to be significantly
different from the control condition. While scaffold structure was not found to produce
significant differences when using glue fixation, the isotropic scaffold applied with sutures
was found to produce a significantly reduced e2 strain ratio relative to its aligned counterpart.
Taken together these results demonstrate that scaffold architecture plays an important role
in deformation mechanics and the capacity for engineered tissue to deform with the native
myocardium. It was found that aligned scaffolds applied with the direction of alignment








































































Fig. 7.8 Example principal strain measurements for each scaffold condition. The left column
shows the mean principal strains for each region of interest (patch and reference regions)
with insert of the principal strain ratios (ePi /eRi ) during contraction. The middle and right
columns show the full field isochrons of the principal strains e1 and e2 respectively. The
white boxed area indicates the patch region and the black boxed area indicates the reference
region. Example results are shown for each experimental condition: (a)-(c) aligned scaffold
with suture fixation, (d)-(f) isotropic scaffold with suture fixation, (g)-(i) aligned scaffold
with glue fixation, (j)-(l) isotropic scaffold with glue fixation
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(a) (b)
Fig. 7.9 Mean principal strain ratios (ePi /eRi ) for each condition (a) e1 (b) e2, error bars
indicate standard error, ⇤ represents significance from control, ⌅ represents significance
from aligned counter part with the same fixation, and • represents significance from suture
counterpart with the same scaffold architecture. Beat repetitions for Control, A. Suture, A.
Glue, I. Suture, and I. Glue are N=14, N=12, N=6, N=8, N=3 respectively
7.4 Discussion
The complex myocardial architecture has been widely studied and shown to consist of a
helical arrangement of cellular bundles within the heart wall which form a complex three
dimensional mesh. This results in torsional and compressive forces, causing complex defor-
mations of the ventricular wall [325–328]. The resulting epicardial contraction occurs as a
function of time and space across the superficial myocardium. Here the influences of scaffold
architecture and fixation method on scaffold compliance with native surface deformation
were studied. It was found that by tracking the dynamic position of beads adhered to the
superficial myocardium in an ex vivo cardiac model the complex deformation profile could
be directly observed. Through strain analysis of the native tissue and scaffold displacement,
differences in the deformation profiles could also be quantified. While all scaffolds were
found to adhere and conform to the static topography of the myocardium, scaffold structure
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and fixation method significantly impacted the scaffolds compliance to native deformation
dynamics.
7.4.1 Native myocardial dynamics
The native myocardial displacements of the inferior left ventricle, proximal to the apex, were
characterised in the absence of scaffold application. An asymmetric contraction pattern was
observed where the superficial epicardial movements were found to be a function of space
and time across the muscle surface. This phenomenon is due to the complex layered architec-
ture of the left ventricular wall. Pettegrew et al. 1864 identified opposing helical grains in
the endocardial and epicardial layers near the ventricular apex [329]. The varied angles of
alignment at different depths of the ventricular wall have been further explored in recent years
and shown to contribute to the complex non-linear conduction pathways observed during
ventricular contraction [51, 52, 325, 330–334]. The presence of an asymmetric contraction
pattern, varying in space and time as illustrated in Figures 7.4f and 7.4g are consistent with
previously reported results [46, 61, 63]. The complexity of deformation emphasises the need
for a precise understanding of scaffold compliance to the dynamic native environment.
The ex vivo model in this study was executed in a Langendorff mode, where blood is cir-
culated through the coronary artery system and not through the ventricular chambers. The
myocardial displacement throughout the contractile cycle will, therefore, not describe the
additional deformation caused by chamber filling and ejection. While the full in vivo cardiac
deformations are not characterised in this study, it was found that the surface deformations
of native myocardial contraction alone were sufficient to highlight functional differences in
scaffold deformation mechanics through direct observation and subsequent strain analysis.
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7.4.2 Patch performance
Four cardiac patch conditions were assessed. Acellular collagen scaffolds with aligned and
isotropic scaffold architectures were adhered with either suture or glue fixation to determine
the influence of both scaffold structure and fixation method on the mechanical deformation
performance of regenerative cardiac scaffolds. Experiments were executed on two hearts.
All glue conditions were performed on heart 1 while suture and control conditions were
performed on heart 2. The processing of each heart is described in Table 7.1. While direct
comparisons are made within this study, results would be strengthened by comparing the
performance of all four conditions on a single heart.
Regenerative patch fixation was characterised by direct observation of adherence quality. The
effects of fixation methods on scaffold structure were also assessed through scanning electron
microscopy. Finally, the influences of fixation method as well as scaffold architecture on
the dynamic strain throughout the cardiac cycle were compared. Two strain calculations
were used to characterise the deformation of each condition relative to the surrounding
myocardium. The linear displacement strain illustrates the changes in the one dimensional
length between the bead pair adhered to the patch and between the bead pair adhered to the
reference region. Component strain analysis produces a two dimensional description of the
deformation dynamics across the full sampling field.
Fixation
Fixation method was found to influence the mechanical properties of the patch and resulted
in varying qualities of adhesion. The cyanoacrylate glue fixative spread significantly as it
was drawn up by capillary action into the porous scaffold as shown in Figures 7.5b and 7.5c.
The glue stiffened when cured and reduced the strain tolerance of the glued region of the
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patch. For scaffolds where glue spread was significant, the strain applied to the scaffold
by the native myocardial contraction sometimes exceeded the strain tolerance of the glued
patch and adhesion between the patch and the heart was lost. If glue remained localized, the
bonding between the scaffold and the myocardium was maintained. Small external agitations,
however, could trigger de-bonding. Considering the downstream requirements of the scaffold
as a regenerative construct, the glue condition could also interfere with cellular repopulation
of the structure in the glued regions due to the disruption of cellular binding chemistry
caused by cyanoacrylate saturation and solidification. Cyanoacrylate is a common tissue
glue and has been widely used for different surgical applications. In recent years, however,
the development of flexible adhesives with stable bonding capabilities for internal use has
been of growing interest in translational medical research and further study is needed to
characterise adhesive capabilities of alternative tissue glues [335, 336].
Suture fixation avoided these issues and had no effect on scaffold stiffness although it did
perforate the structure where the needle pierced the scaffold as shown in Figure 7.5a. Scaf-
folds which were adhered to the myocardium with sutures demonstrated stable fixation and
no de-bonding was observed. The suture condition, therefore, provided superior adherence
quality and stability when compared to glue fixation. The suture condition, also, does not
disrupt the native surface chemistry of the collagen polymer, making it a superior option
for regenerative medical scaffold fixation. The influence of fixation method on patch perfor-
mance are further discussed in the subsequent sections.
Linear strain
Displacement strain analysis is an emerging tool in understanding the evolution of cardiac
function [46]. The linear displacement strain gives a one dimensional description of the
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deformation dynamics for the regions of interest and is commonly used to assess deformation
observed through echocardiography [60, 61]. The linear strain was characterised for each con-
dition and compared with the surrounding myocardium. It was found that for all conditions a
shortening of the inter bead length was observed during the contractile cycle. This profile is
consistent with previously reported results [61]. For the control condition the linear strain in
the patch region (ePL ) was found to have a greater magnitude than that of the reference region
(eRL ) as illustrated in Figure 7.6a. The strain ratio eP/eR is used throughout this study for
sample comparisons to account for variations in beat pattern and strain magnitudes that occur
between samples. The linear strain ratio (ePL /eRL ), for the control condition, without a patch,
was found to be greater than one. This relationship was also observed with the presence
of an aligned scaffold adhered with suture fixation, which resulted in a comparable strain
ratio to the control condition as shown in Figure 7.6c. The inter bead length shortening was,
however, significantly impaired by the presence of the sutured isotropic scaffold as well as
scaffolds adhered with glue fixation, irrespective of scaffold structure as shown in Figure
7.6c. Deformation dynamics were further explored through two dimensional component
strain analysis to better characterise the asymmetric surface deformation of the myocardium.
Component strains
Digital image correlation was performed on the bead displacement data such as that illus-
trated in Figure 7.4f. The Green-Lagrangian strain was calculated across the sampling field
and the principal component strains were derived for sample analysis. Principal strains are
independent of the original coordinate system and can illustrate expansion and compression
along the principal axes where no shear occurs [321]. Quantification of full-field cardiac
mechanical function through a principal strain analysis has been widely carried out. It
enables the assessment of the complex behaviour of the myocardium using only normal
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strain components including their magnitude and directions [321, 337–340]. While the low
spatial resolution afforded by the widely spaced bead pattern in this work resulted in a high
degree of variance in full-field strain measurements, the principal strain analysis was found
to elucidate mechanical distinctions between patch conditions.
The average strain dynamics across the sampling field for the control condition were ob-
served to have opposing directions such that as the myocardium stretched in one direction it
compressed in the normal direction as shown in Figure 7.7a. This result was consistent for all
conditions and in agreement with previous documentation regarding myocardial movement in
vivo [46]. The component strains were found to have comparable magnitudes which contrasts
the results of previous studies that report significantly increased e1 relative to the orthogonal
strain [46, 63, 321]. The compressive strain (e1) in this chapter was found to be reduced
when compared to previously reported dynamics of in vivo tissue [46]. This distinction can
be attributed to the Langendorff ex vivo model, because additional strain that would occur in
vivo due to chamber filling is not included in the deformation measurements taken in this
chapter. Instead, the surface deformation of the myocardium due to the muscular contraction
alone was analysed. Two regions of interest were identified for condition comparison. The
strain dynamics of both the patch and reference regions for the control condition are shown
in Figures 7.7c-7.7d. The strain dynamics for both regions were found to be comparable
with constant strain ratios during the contractile cycle and serve as the standard to which all
scaffold conditions are compared. Through analysis of the control condition, the orientation
of principal strains was assessed. It was found that for the control and all scaffold conditions,
the e1 principal axis is longitudinal while the orthogonal component points in the circumfer-
ential direction. This result is consistent with earlier reports which show that principal strain
components of the natural myocardium (magnitude and direction) are largely influenced
by the myocardial fibre orientations and that contractile strain occurs in the longitudinal
direction [321, 338].
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The strain dynamics after patch application were assessed and compared with the control
condition. While some differences were observed for the e2 strain, circumferential strain was
found to be relatively consistent between conditions as shown in Figure 7.9b. The dominant
axis of myocardial deformation has been identified to be in the longitudinal direction, there-
fore, there is a particular interest in the strain dynamics along the e1 principal axis for each
condition. It was found that the sutured aligned scaffold most accurately recapitulated the
control dynamics. On the other hand, the sutured isotropic scaffold and both glue conditions
resulted in significant disruptions in e1 dynamics. This result is evidenced by both a reduced
e1 strain ratio and by localised strain reductions in the respective e1 heat maps shown in
Figure 7.8. The resulting e1 strain ratios, summarised in Figure 7.9a, are consistent with
the linear strain ratio results shown in Figure 7.6c. The consistency between these two
results is due to the bead orientation, the patch and reference bead pairs used to calculate
the linear strain are oriented parallel to the longitudinal axis, and therefore, the linear strain
measurement is dominated by deformation along the longitudinal direction, similar to e1.
The improved compliance of the sutured aligned scaffold to the asymmetric contractile
pattern of the native myocardium measured through both linear and principal strain analysis
can be attributed to its asymmetric mechanical properties. Previous studies have shown
that isotropic ice-templated collagen scaffolds have consistent compressive stiffness irre-
spective of the loading axis [249]. A study performed by Davidenko et al. in 2015 showed
that the Young’s modulus of isotropic scaffolds ranged from 2 to 6 kPa depending on the
degree of cross linking [249]. Conversely, Brauer et al. 2019 discussed the compressive
stiffness of ice-templated collagen scaffolds with anisotropic, aligned, pore architecture
[341]. It was shown that the aligned scaffolds had asymmetric mechanical stiffness that
was dependant on the direction in which the compressive stress was applied. Brauer et
al. reported a compressive stiffness of between 2 and 4 kPa when scaffolds were loaded
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parallel to the lamellar orientation and a compressive stiffness of 1 kPa when scaffolds were
loaded perpendicular to lamellar orientation [341]. The stiffness of both of these scaffold
types is similar to the passive mechanical stiffness of the native myocardium which has been
recorded to be between 3 and 9 kPa [342, 343]. However, the passive mechanical stiffness of
native myocardial tissue is shown to display asymmetric properties, similar to those of the
anisotropic scaffolds, that vary depending on loading orientation [344]. It has been shown
that native transmural myocardial samples have a higher stiffness when compressed in the
longitudinal direction relative to the circumferential direction [344]. This result is attributed
to the structural anisotropy of the native myocardial extracellular matrix. Thus, because the
aligned scaffolds were applied such that the pore orientation matched the native alignment
of the superficial epicardium, which near the apex is largely circumferential, the scaffold
alignment is perpendicular to the principal axis of contraction. The principal axis of contrac-
tion has been shown to occur in the longitudinal direction, parallel to the alignment observed
in the endocardium. The alignment orientations of the epicardium, endocardium and the
patch can be seen in Figure 7.10. The aligned scaffolds in a circumferential orientation were,
therefore, compliant to the native longitudinal contraction.
The different alignment orientations present at different depths within the myocardium have
an important role in heart function. The cellular contraction in plane with the local alignment
causes myocardial syncytia to shift in relationship to one another across the depth of the
muscle. Syncytia sliding causes wall thickening and increased chamber contraction that
optimises cardiac output. This phenomena is illustrated in Figure 2.2 in the literature review
and discussed further in the work done by Nielles-Vallespin et al. 2017 [16]. Therefore,
should a cell seeded scaffold be applied to epicardium, the pore alignment would enable
the planar contraction of the scaffold to match that of the superficial most syncytia in the
myocardium, closely replicating the behaviour of the native tissue. The asymmetric pore
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orientation also provides the necessary mechanical compliance to collapse in the transverse
direction as required by the longitudinal contraction of the whole organ.
Isotropic structures, in contrast, are characterised by an equiaxed pores and thus resist de-
formation equally in all directions. Taken together these mechanical profiles could help
to explain the discrepancy observed in the suture condition due to scaffold structure. The
restriction of compressive movement caused by the glue fixation method can instead be
attributed to the extensive spreading of the glue medium observed during application as
shown in Figures 7.5b-7.5c. The subsequent stiffening after the glue cured may interfere with
the native myocardial deformation, as the fixation method will locally fix both the scaffold
and the contacted superficial myocardium. Localised disruption in the deformation of the
superficial epicardium and increased stiffness on the patch may contribute to the reduced
deformation observed for the e1 strain.
7.4.3 Limitations
It has been shown that scaffold architecture and fixation method significantly impact the
capacity of collagen scaffolds to conform to the native asymmetric deformations of the
superficial epicardium. This work, however, is subject to some limitations. The Langendorff
ex vivo model used in this chapter does not simulate myocardial deformation due to chamber
filling. An ex vivo model in working mode would include ventricular chamber filling during
diastole and the pumping action of the myocardium against an after load. Including these
characteristics of myocardial action would enable an improved understanding of functional
myocardial deformations. With regard to strain analysis, a large quantity of research has
been done regarding speckle pattern optimisation for digital image correlation, it has been
shown that a high density of distinct irregularly shaped speckles is optimal [321, 345, 346].
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Fig. 7.10 Myocardial alignment and contraction. The red lines indicate the alignment of
the epicardium, parallel to the patch alignment, blue lines indicate the alignment of the
endocardium, parallel to the principal whole organ contractile direction indicated by the
black arrow.
Improving the quality of speckle pattern as well as expanding the strain analysis to describe
myocardial deformation in three dimensions would, therefore, improve the accuracy and
uniformity of digital image correlation results [63].
7.5 Conclusion
Cardiac scaffolds are required to have the mechanical capacity to biomimetically deform to
the complex physio-mechanical environment while simultaneously supporting the damaged
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myocardium. Previously, the deformations of the superficial epicardium during the cardiac
cycle have been unexplored. A few studies have utilised strain calculations to characterise
the complex asymmetric epicardial movement [46, 63, 321]. In this chapter, direct optical
imaging and strain analysis were utilised to characterise not only the native myocardial defor-
mation, but the influences of scaffold structure and fixation on the capacity for regenerative
scaffolds to recapitulate the complexity of the dynamic myocardium.
The application of an ex vivo ovine cardiac perfusion model enabled direct observation of
the native surface myocardial movement during the cardiac cycle. Through direct optical
imaging and bead tracking, tissue engineered collagen scaffolds with varied architecture and
fixation were tested for conformance to native myocardial movement patterns. The contrac-
tion pattern and local strain components for each condition were analysed through digital
image correlation and resultant strain dynamics for multiple cardiac cycles. The performance
of each scaffold condition was characterised by the relative agreement with the surrounding
myocardium and the control condition. It was found that both scaffold architecture and
fixation method significantly influenced the deformation compliance of acellular cardiac
patches. Scaffolds with aligned architecture applied with suture fixation were found to best
replicate the native deformation of the superficial epicardium. This is likely to be due to
the agreement between the dominant strain axis and the asymmetric mechanical properties
of the scaffold. In contrast, the isotropic scaffold and both glue conditions were found to
impair the contractile deformation of myocardium. Despite the limitations discussed above,
conclusive evidence was found that aligned scaffolds adhered with suture fixation facilitate
improved deformation mechanics that most accurately comply with the native environment
when compared with isotropic scaffolds or scaffolds secured with glue fixation. These results
improve the understanding of scaffold function and inform the design of regenerative cardiac
scaffolds to improve translational functionality.
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This work has provided initial understandings of the local strain patterns of the ventricular
myocardium and the influences of tissue engineered structure and fixation on the translation
of native strain dynamics to regenerative collagen scaffolds. It has also been demonstrated
that strain analysis through digital image tracking is a valuable tool when characterising the
functional capabilities of engineered scaffolds in a translational setting.

Chapter 8
Conclusions and Future directions
8.1 Conclusions
Ice templated collagen scaffolds have been shown to have great potential for use in regen-
erative cardiac applications [70, 76, 113]. The clinical application of regenerative cardiac
tissue is, however, currently limited by a lack of scaffold structure that mimics the complex
architecture of the myocardium [21]. The aim of this thesis has been to identify methods
to tailor anisotropic collagen scaffold architecture and understand the influence of architec-
tural order on the translational capacity of cardiac scaffolds through cellular response and
physio-mechanical compliance to live tissue. In the early chapters of this work, fabrication
methods were introduced and explored to enable direct control over pore size, architectural
alignment and pore orientation. The relative importance of scaffold architecture was explored
in the later chapters. In vitro studies revealed that long range scaffold alignment encouraged
phenotypic cellular maturity and improved signalling and contractile synchronicity. Similarly,
the use of an ex vivo cardiac model enabled direct observation of scaffold compliance to
native myocardial deformations. It was shown that aligned scaffolds, that replicated the
native mechanical asymmetries of the superficial epicardium were better able to match the
native deformations relative to isotropic scaffold structures. Within this thesis, advanced
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architectural control methodologies have been presented and the importance of scaffold
anisotropy for the function of regenerative cardiac tissue has been highlighted.
8.1.1 Architectural control of ice-templated collagen scaffolds
One major challenge in the design and fabrication of regenerative scaffolds for cardiac
applications is a lack of precise architectural control. Directional freeze casting was shown
to produce collagen scaffolds with aligned lamellar structure, and further the rate of freezing
was found to be negatively correlated with the degree to which structures aligned. In order to
better understand the influence of physical parameters on the final lamellar alignment and
pore size composition of ice-templated collagen scaffolds, the freezing front velocity was
monitored during solidification. Two different freezing protocols were compared. It was
found that by setting the heat sink temperature to linearly decrease, the freezing front velocity
could be stabilised. This resulted in increased intra-scaffold pore size uniformity and a trend
toward improved structural alignment relative to solidification with a constant heat sink
temperature. By comparing pore sizes to the freezing front velocity, a power-law relationship
was identified. This relationship enabled a physical based description of pore size control,
independent of processing parameters. Consideration of the fundamental physical process by
which ice-templating occurs and defining the pore size accordingly, led to the postulation of
a fundamental link between isotropic and anisotropic freeze-casting processes.
Further to pore size control, replicating the native hierarchical structure with complex long
range macro-architecture of cardiac scaffolds has been a persistent challenge in the design
and fabrication of regenerative cardiac tissue. Here, a novel thermal control technique
was developed to facilitate localised and specific control of complex lamellar alignment
orientations during the solidification process. The technique was presented alongside a
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simple, yet predictive, finite element model to serve as a design tool. It was demonstrated
that by controlling the power and geometry of thermal sources embedded in the periphery
of freeze-casting moulds, localised pore orientation could be controlled. Taken together
the model and the novel heat source mould protocol enable localised control and design of
bespoke scaffolds with complex architectural morphologies.
The architectural control protocols detailed in the early chapters of this thesis can be applied
beyond the fabrication of regenerative cardiac tissue. These techniques can be used to inform
the design and optimisation of specific and complex three dimensional ice-templated scaf-
folds for numerous clinical applications and in vitro model systems. Additionally, because
ice-templating is a physical process these protocols can be expanded to applications in a
number of fields and utilised with a host of different materials.
8.1.2 The influence of anisotropy on the functional capacity of regener-
ative cardiac tissue
Historically, regenerative cardiac tissue has been fabricated with gels or isotropic scaffolds
[103, 155]. These formats do little to facilitate long range cellular order or to recapture the
mechanical asymmetry of native tissue [181]. In the second half of this work the influence
of anisotropy on translational cardiac capacity was assessed through cellular behaviour and
physio-mechanical compliance to live tissue.
The influence of scaffold architecture on cell signalling and contractile dynamics was studied
systematically through a direct comparison between an aligned scaffold that facilitated long
range cellular order and a pseudo-isotropic scaffold. It was found that long range alignment
encouraged significant increases in signalling synchronicity and directional contractility.
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These findings were supported by phenotypic and cell structure assessment. It was found that
cells seeded onto aligned scaffolds showed increased maturity and cardiogenic phenotypic
markers. By observing the tissue level and cellular level effects of scaffold architecture, the
design of cardiac scaffolds can be informed and future studies in cardiac tissue engineering
can be optimised.
Further to cellular function, anisotropy was shown to significantly impact the physio-
mechanical capacity of ice-templated collagen scaffolds [6, 50]. The superficial epicardium
has a distinct and complex deformation pattern, variable in space and time, over the course
of the contractile cycle [46]. The ability of regenerative scaffolds to comply with the native
cardiac environment is paramount for successful engraftment [21]. To better understand
the impact of scaffold architecture on the physio-mechanical compliance of regenerative
structures an ex vivo cardiac model was used to enable direct observation of scaffold deforma-
tion. Through strain analysis it was found that aligned scaffolds were better able to conform
to native epicardial dynamics when compared to isotropic structures. Furthermore, while
suture fixation enabled free deformation, the use of glue fixation impaired the mechanical
compliance of collagen scaffolds.
It was shown that aligned scaffolds facilitate improved long range cell signalling and con-
tractility as well as increased cardiogenic phenotyping and maturity while maintaining the
necessary physio-mechanical properties to conform to the native deformation of live tissue.
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8.2 Further work
8.2.1 Expanding architectural control
The architectural control protocols presented in this thesis have expanded the range of
complex scaffold architectures fabricated through ice-templating. By combining these
techniques with previously established protocols, numerous avenues of research can be
explored. Furthermore, the fundamental concepts can be utilised and expanded to produce
scaffolds with specific and complex architectures for a wide range of applications.
Pore size control for interfacial tissue The strong link between processing parameters
and the final scaffold pore architecture implies that by tailoring the freezing protocol, seam-
less scaffold structures can be produced with discrete regions of distinct pore sizes. A
structure that seamlessly transitions between different pore structures could be used for three
dimensional co-culture systems or implanted as a regenerative structure for interface tissues.
To explore the capability of such scaffold fabrication, an interface scaffold was produced as a
pilot study.
The preparation protocol for the interface structure is consistent with that presented in sec-
tions 3.1.1-3.1.2. The freezing conditions used are as follows. The cold finger was pre-cooled
and held at a temperature of -60 o C. The mould was mounted onto the cold finger and
allowed to commence solidification for 5 minutes with TB = 60 o C. The temperature at the
cold finger mould interface was then ramped up to TB = 5 o C over the course of 1 minute
and held at that temperature for the remainder of the solidification process. The resulting
structure was lyophilised and imaged as described in sections 3.1.2 and 3.2.2. Pore size
and alignment analyses were executed on reconstructed µCT images of three regions of
interest measuring 2.5mm2 in the xy-plane and 1 mm tall on the z-axis at the bottom, top and
interface height of the final scaffold.
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The resultant structure can be seen in Figure 8.1a. The initial proof of concept study resulted
in a scaffold with small pores at the base of the scaffold and larger pores at the top as shown
in Figures 8.1b-8.1c. The two pore morphologies were separated by a distinct interfacial
region where large and small pores were found to co-exist. Further study is needed to fully
understand the physical underpinnings of this technique and the range of scaffold structures
that could be achieved.
(a)

















Fig. 8.1 Pore structure analysis of the interface scaffold. (a) photograph of a longitudinal
slice of the pilot scaffold (b) the pore size distribution for each region of the pilot scaffold
(c) µCT reconstructions on the longitudinal xz-plane and on the xy-plane for each region,
bottom (blue), interface (Teal), Top (Green). Red arrows highlight the presence of large and
small pores in the interface region
Understanding alignment In Chapter 4 it was found that the freezing protocol signifi-
cantly influenced the degree of final lamellar alignment. The relationship between thermal
parameters and the degree of final lamellar alignment has, however, not been fully investi-
gated. Further exploration into processing parameters and the physical system may illuminate
the processes that dictate the degree of lamellar alignment and enable the fabrication of
scaffolds with a full range of architectural order from isotropic to fully aligned.
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Expanding architectural complexity The protocol to achieve controlled and complex
lamellar orientations presented in Chapter 5, can be expanded to increase the architectural
complexity of ice-templated scaffolds that better replicate native tissue structures. The intro-
duction of time varying thermal sources as well as varying the source/sink geometries could
enable the fabrication of bespoke architectures. Additionally, the finite element model can be
modified to enable targeted mould design and simulate protocols prior to experimentation.
Mechanical properties The influence of complex scaffold architecture on mechanical
properties can be further explored. In a pilot study, the effects of lamellar curvature were
tested. A scaffold with vertical, horizontal and curving architecture (lamellar alignment
at approximately 34o from vertical) were fabricated according to the protocols laid out in
chapter 3. Each scaffold was cross linked to 30% according to the protocol in section 3.1.2
and cut into 5 mm tall cylinders with a 5 mm diameter biopsy punch. Scaffolds were fully
rehydrated in DI water and hydrated compression testing with 5kN Tinius Olsen machine
and a 5 N cell was executed.
Correlating mechanical properties with structural alignment, it was found that the stiffness of
fully hydrated collagen scaffolds was largely dependent on the lamellar orientation angle
relative to the compressive loading force as shown in Figure 8.2a. The modulus was found
to increase as lamellar alignment approached a parallel orientation to the compressive load,
where curved structures displayed intermediate stiffness. The stiffness, however, was more
comparable to structures oriented perpendicular to the load as shown in Figure 8.2b. This
result is in agreement with composite mechanics where the modulus has been shown to
drop rapidly as the angle of orientation deviates from parallel to the loading direction [347].
Further study is needed, however, to understand the influence of more complex lamellar
structures on the mechanical properties of ice-templated collagen scaffolds.
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(a)
(b)
Fig. 8.2 Influence of pore orientation on stiffness. (a) Stress strain curves of hydrated collagen
scaffolds achieved through compression testing. (b) Young’s moduli of hydrated collagen
scaffolds calculated from the linear region at 5% strain.
8.2.2 Further studies on scaffold architecture and translational func-
tionality
Understanding how cellular behaviour is influenced by scaffold anisotropy has great impact
on the future design and eventual clinical use of regenerative tissue. The studies conducted
within this thesis indicate that biomimetic structures encourage improved cellular signalling,
contractility, maturation and phenotypic development as well as improve the ability of scaf-
folds to conform to the dynamic physio-mechanical demands of the native myocardium.
However, further study is needed to fully deconvolute the relationship between scaffold struc-
ture and regenerative tissue function for applications on the heart and other physiological
systems.
Addition of scaffold functionalisation molecules The introduction of scaffold function-
alisation molecules such as triple helical peptides (eg. GFOGER or GLOGEN) or growth
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factors (eg. VEGF or HGF) to the collagen scaffolds could enhance cell binding and sur-
vival [348]. Functionalisation molecules have also been shown to enhance regenerative
re-vascularization and de-novo matrix deposition [244, 247, 248]. Further study is needed to
understand the combined effects of scaffold anisotropy and functionalisation.
Diversifying the cell source The current study used hESC derived immature cardiomy-
ocytes. There is, however, a diverse array of cell types that contribute to the native my-
ocardium. Introducing additional cell types, such as endothelial cells, may have a dramatic
effect on regenerative tissue function and cellular behaviour. Further study into co-culture
systems is needed to optimise and improve the development of regenerative tissue.
Influences of complex architecture The introduction of complex long range scaffold ar-
chitecture in Chapter 6 laid the ground work for new studies that explore the influence of
multidirectional lamellar structures on cell behaviour and construct function. Optical imag-
ing, using the protocol laid out by He et al. 2019, could be utilised to track the conduction
velocity and the signal activation time after point stimulation [73]. The isochrones could then
be compared to the scaffold architecture. Characterisation of how scaffold orientation effects
regenerative tissue function and directs cell signalling would help inform future design of
regenerative cardiac constructs.
Expanding the ex-vivo model The ex-vivo cardiac model utilized in Chapter 7 enabled
direct observation of scaffold behaviour when applied to the superficial epicardium. The
model used was a Lagendorff model, however, which does not enable ventricular filling and
ejection. Expanding the study to a working mode ex vivo model could allow for a greater
understanding of scaffold perfaormance in the native myocardial environment. Furthermore,
the study can be expanded to characterise the dynamics of other regions on the epicardium.
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The ex vivo model for cardiac patch appraisal could also be expanded by incorporating
cellularised patches onto the live myocardium. The cell seeded construct could then be
assessed for not only deformation but also signalling pairing capabilities with the native
epicardium and various adhesion techniques could be compared that encourage signalling
integration between the regenerative patch and the myocardial musculature.
Beyond cardiac applications The influences of scaffold architecture on regenerative tissue
can be expanded to other physiological systems. For example, aligned scaffold architectures
have been found to encourage tendon cell phenotyping [26]. Further study into the influences
of different scaffold architectures in different cell systems may improve the quality of regen-
erative tissue for a great range of physiological systems.
Conclusion Scaffold architecture has been found to greatly affect the success of regen-
erative cardiac constructs [21]. This work has examined the fabrication of regenerative
cardiac constructs from the fundamental physics that prescribe scaffold architecture to its
translational capacity when adhered to the living myocardium. The physics of directional
freeze-casting has been utilised to control and dictate scaffold pore sizes and alignment.
A novel freeze casting technique to afford three dimensional control of pore orientation
was established and simulated. By utilising the predictive finite element model, bespoke
scaffolds with complex pore orientations can be designed and fabricated for a wide range
of biomedical applications. The influences of aligned scaffold architectures was also tested
for cellular signalling and maturity as well as for the physio-mechanical demands when
applied to the living myocardium. When tested through direct comparisons the scaffolds with
defined long range order were found to enhance cellular and mechanical dynamics to better
replicate the native behaviour of myocardial tissue. This thesis presents a longitudinal study
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of ice-templated collagen scaffold design and assessment for cardiac applications; beginning
with the fundamental physics that designate scaffold architecture and culminating with the
examination of translational capacities when adhered to a live beating heart.
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